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The Nitrate Nutrition of Plants. 

A general survey of the occurrence and assimilation 

of nitrate. 

By HANS BUKSTR()M. 

{From the Jmtitute of Plant Phyniology.) 
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1. Introcluction. 

The utUization of nitrate by plants only forms one part of their 
nitrogen metabolism, whieh further includes the assiraUation of 
other forms of inorganic nitrogen, the synthesis of organic nitrogen 
(‘ompounds, in the first hand amides, amines, and protein, and finally 
the proteolytic dissimilation. The synthetic processes are intlmately 
physiologieAlly and partly also chemically connected with eaeh other. 

1 45441 Kungl. Lanfbrukshögskolam Annaler Vol. 13 
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Thus one niijilii question tlie expediency of up this (‘iitirety 

by treating the assimilation of nitrate as a separate problem. The 
objeetion mij;ht be even more justified, sinee in sueb a work as the 
pn^seiit one tlie physioloj^ieal poinis of view must predominute owin^' 
to onr rudimentary knowledf^e of the eluMtiieal side of the problem. 

The nitrate assimilation, however, involves problems both purely 
( hemical and i)hysiolo‘ 4 ieal not foiind within t lie otlun* main sc^dions 
of the riitro^(‘n metabolisrn, whi(*b may serve as an ex ense for tlu* 
task, t-he more so sinee modern reviews of tlu' amino aeid and pro¬ 
tein metabolism are already available, whereas no snrvey has beiai 
T7iade of the utilization and transformations of nitrati^ by plants, 
foiinded on a eritieal eolloeation of the existiiij^ ex])erimeiital data of 
the literatiire. It is true that the paper by (1. T. iSTCuiTiisiiALK in 
Botani(*al Heview (1937) deals with the assimilation of nitrate, bnt 
only briefly in eonm^etion with the nitro^en metabolism in .a‘en(‘ral, 
and his snmniary is, of eourse, no lon^er fnlly up-to-dat<‘, and (‘ven 
in lar^e text-books of plant physiolo^y the treatment of tlu' assimi¬ 
lation of nitrate is always seanty and often om‘-si(led. A eompaTison 
of leadirn» text-books reveals a surprisinj^ly laekin^* eonformity of 
opinions even on fundamental matters of nitrate assimilation. 

Aeeordinj^’ to the ^eiuTal usa^e of th(‘ tiTin in tlu* literatur(‘ on the 
assimilatioji of eaxbon dioxide, assimilation of inorpinii* ('om]>ounds 
by plants imnins the entire seqnenee of n^ietions, from tlH‘ intake of 
the eom])ound by the eell until it is transformed into ihv or^anie 
State. In eonformity luTewith, the term mif^ht be us(‘d in the same 
wide seiise also as re^ards the avssimilation of inoipinie nitrof»en, and 
so is often done. To the- ext.ent to wliieh th(‘ jiroeess of nitrate- assi¬ 
milation ean be dividi^d into detail reaetions, how(‘ver, the term ou^ht 
to be limit(Ml only in the sense t hat it denotes t he very stiqi from in- 
orpinie to or< 4 anie matt er, and ])reee(*din^‘ inor^anie transformations 
should be kc‘pt apart. 

Ev(‘n in the (»ase of th(‘- utilization of nitrate, the ]att(T are ])ro- 
rnirumt, sinee the utilization is initiated by a reduetion to inorj^anie 
prodii(*ts, whieh are transformed int-o orj^anie nitro^i^n in tlu» triu» 
proeess of assimilation. Sometimes the separation of the different 
steps has been ex])erimentally possible, but in most eases not, and 
it is often diffieult to draw a sharp border line ])(‘tween reduetion 
and assimilation in the limited sense. IIen(*e it follows, nevertheUsss, 
that the term assimilation appears in several meanin^^s. Part. of the 
inherent e-onfusion of the literat-urc is moreover due to the faet that 
the term has also b(»en used as d^motin^ sueh detail reaetions as the 
absorption or aeeumulation of nitrate, without any attempts bein^ 
made to demonstrate a eonneetion with the true assimilation. Of 
eourse, a eonsequent terminology would be hi^^hly desirable, but sinee 
on the other hand it is little tempting: to ercate new tenns for imper- 
fectly defined reaetions, in the followinf? the term assimilation has. 
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been usod in two meaninj^s. Firstly, in the wide sense includin^r the 
inorj?anic reduetion, but only if it is obvious that the process also in- 
volves the step from inorj^anie to orjjanic niatter, and secondly, only 
as denoting this latter reaction. The text no doui)t makes elear what 
is meant in ea(*h case. 

The present paper does not pn^tend to be a rnonograph in the sense 
that it contains neiirly eom])lete quotations of tlie literature. A 
fairly rigorous seleetion has b(u*n neeessary, not because the literature 
is so voliiminous that it ean not be overlooked — on the contrary, 
several other topies of jdant physiology have been far rnore populär 
— but be(*au8e ndatively niariy of, especially, the old staternents of 
the literature are less reliable owing to niethodieal defeetiveiiesses. 

Most of the AVork on nitrate inetabolism requires a8ex)tical or anti- 
septieal (»xperimental nndbods, and not s<ddom is attended with 
analyti(*al difficulties. Th<‘ teehni<*al methods have little by little 
been improved, however. In spite of the fa(*t that pioneers such as 
SALMdlORSTUAR, 1 >()lTlSSliN(J ALT, SA(TIS, ScHIMPER, GODLEWKKI, 

and oth(‘rs, liave in their eontributions ereated the ideas for further 
researeh, it is only natural that tbeir own results are now out-of- 
dat<' and have been replae(‘d by younger and more aeeurate ones. 
(Inee more to (piote and diseuss papers, whieh have already n»- 
])eatedly Ixhui (TitieJzed and eorrecded or (‘onfirnn^d, only to eomplete 
the bibliography, seems ineaningless, howevyr. Even results of 
younger date have been oniitted if it is obvious that they are metho- 
di('ally below the level or do not. eontribute to the diseussion with 
original r(*sults or fresh vi(‘ws on tlie xuoblems. Certain works, on 
the other hand, have been fully reviewed and their methods some- 
times serutinized in detail, that is those pa])ers, whieh form the pre- 
sent-day opinion, even though their methods are not above eriti- 
eisni. — Thus, the present paper will only give a sketch of the po¬ 
sition of the ])robleiiis of nitrate inetabolism of to-day but no reeord 
of the historieal development. 

For obvious reasons t.h(' ant-hor has tried to (*o-ordinate the results 
of his own investigations with those of earlier works and thus to 
arrive at general interpretations of the iiiain jihases of the nitrate assi¬ 
milation. How(wer, beeause of the notable laek of (^xaei, quanti- 
tativ(» data this aim is still reiuote. It therefore seems all the more 
important to emphasize the largest gaps in our knowledge of the 
subje(*i. 

CVrtain phases of the nitrate utilization by plants have been en- 
tirely omitted in this paper, first of all the absorption of nitrate by 
(‘ells from nutrient media, both as regards its me(*hanism and its 
ecology. The first problem is identical with the question of the ion 
absorption in general, whieh is too large a i)roblem to be treated in 
eonnection with the assimilation of nitrate. The ecology of the ni¬ 
trate nutrition involves, among other things, a major part of the 
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afj:riculturally iinportaiit problem of nitraie inanuring* whioh has been 
(liseussed in nurnerous papers. The extensive and practieally valu- 
able but theoretically less interestin^ diseussion coneerning nitrate 
as a factor of growth and yield has thus also been left out of consi- 
deration. The eeology of tiie real nitrate inetabolism has, of eourse, 
b(ien duly attended to, as far as this problem has been studied, which 
is mostly as regards soil eonditious. Otherwise this problem offers 
a wide field for further researeh. 


2 . Occurrence of biolo((ic£il formation and destruction 

of nitrate. 

The oxidized iiitrogen found in natiire can be of eitluT biologieal 
or noii-biologieal origin. ^Ttrogen oxides are formed non-biologi- 
f*aJ)y frorn Og and <iiiring elecdrieal diseharges in the atmosphere, 
and at higher levels by the oxidation of ^2 by O» (Moore 1919). 
The aetnal eoncentration of nitrogen oxides of the air is, neverthe- 
less, always very low, sinee these with rain and snow are brought 
to the soil. The amounts of nitrate delivered in this way have been 
estimated to 1.1—1.5 kg per year and har.^ Most of the eornbined 
atniospherie nitrogen appears as ammonia, however, which niay 
ten tirnes exeeed the amount of nitrate. 

The main part of the nitrate is formed biologieally in the soil 
throngh the baeterial nitrifieation, implying the well-known sueees- 
sive oxidation of over IlNOg to HNO 3 , the first step effeetuated 
by the NitrofsomonaH-groxip and the seeond by Nitrobaeter, The two 
steps of oxidation are thus kept sharply separated, the latter reaetion 
even being hampered or totally inhibited in the presenee of NII 3 . 

The eapaeity to form nitrate by the oxidation of redueed forms of 
nitrogen is probably not restrieted to these highly speeialized bae- 
teria. Vickery & al.^ have incontrovertibly demonstrated that 
during the technieal euring of tobacco leaves the eoiitent of nitrate 
inereases by 50 % during 60 to 80 hours. It is undeeided, whetber 
(*uring is a truly autolytic x)roeess or if baeterial aetions are also 
involved, the former seems to predominate in any ease. 

This statement has been verified by McKee and Lobb (1938) 
with leaves of beet and tomato, treateci in the same mariner as the 
tobae.eo leaves or left slowly drying with their bases in water. That 
a measurable bacderial nitrifieation should oecur on the surface of 
the leaves under such circumstances is highly improbable. The 

* Russel and Richards 1919, Wilson 1921. Nitrifieation is said to ocjcur 
bactoriologioally also in the free air. Seo Cholodny, Smalt, and Pikowskaja 
19S8. 

2 Vickery, Pucher, Wakeman, and Leavenworth 1933. 
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observations are of great iheoretical interest. Yet, the similarity 
with the bacterial nitrification must be only superficial. In this case 
the nitrate production forms part of the energy transformation, the 
oxidation being energotically linked with the reduetion of CO 2 , 
whieh surely does not occur in the autolyzing leaves. Vickeey also 
finds reason to assume that the nitrate formation in tobacco leaves 
does not pass over nitrite as an intermediary product; thus it must 
be a reaetion which not only biologically biit also chemically differs 
from the bacterial nitrification. 

Buring the utilization of stored proteins in germinating seeds the 
-SH groups are oxidized to an analogous reaetion would be 

the oxidation of -NIT 2 or NH 3 to NO 3 , hut Ross could not find any 
production of nitrate in Lupinus seeds. However, by reamination 
with amino acids or amination with NH^ the nitrogen reserves can 
be utilized for the formation of all kinds of N-compounds without 
any previous oxidation to nitrate. A formation of nitrate would not 
only be uimecessary but above all difficult to demonstrate, because 
the intermediate produets the oxidation had to pass — ainmonia, 
nitrite, or others — are themselves easily assimilated again. 

From a theoretical point of view it would be of interest to ascer> 
tain, however, if the conditions permit a formation of nitrate from 
reduced forms of nitrogen also in fresh, growing leaves and other 
organs. The above-nientioned n^sults with autolyzing leaves point 
in this direction, unless it is assumed that quite a new oxidizing 
me(dianism arises during autolysis. It seems niore reasonable to 
assume that nitrate formation normally oceurs alongside with assi¬ 
milation, the latter prevailing, but that during autolysis this is ham- 
pered in the first hand, leaving the formation on the field. Sinee 
the oxidation to nitrate is an exothernial reaetion it may be more 
resistant to disorganization of the cytoplasm than the niore sensitive 
endothermal assimilation. 

A formation of nitrate from Nllg is described by Peaesall and 
Billimoria (1937) for detached JTarcmi/^Ä-leaves; the co-operation 
of baeteria was almost certainly prevented in this case. Tt is less 
significant in this connection that it has been repeatedly shown that 
nitrate appears in healthy, growing plants only following an external 
addition, or in the presence of nitrifying baeteria, sincic this may 
only be due to a generally much more rapid consumption than for¬ 
mation of nitrate. 

In the first hand, however, nitrate aets as a raw-material for the 
formation of organic nitrogen compounds. The assimilation of nitrate 
is a reaetion of principally the same kind as the assimilation of car- 
bon dioxide. It iraplies a reduetion of the nitrate and the assimilation 


^ According to Schclze, hoc Ross 1938. 
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of the Products to diffcrcnt forms of or^^aiiic iiitrof>:en, ainon^? vvliich 
Iho ^rouj) IH-XTTg prcdomiiiates; s(*hemati(*ally it may b(* written: 

ITNOa - - liCNH., 

if no attciilion is paid In the way t In» reaetioii pass(\s, and to the 
nature of the interniediate products. 

The (»apacity to assiinilate nitrate is widely s})read amon«^ the 
plants. First of all it is found in all ehlorophyllous plants, thouj^h 
it is not restrieted to the ^reen parts: vessel plants, mosses^ and 
alfcae. Fnrther it is found in inany funj^i incliidin^- sonn» yeast si)e> 
(des, the major part of the Aelinomycet(*s, and several bacderia.*^ 
Among the lattnr it is especially wortli mentioninf»- (In» (*hemotrophi<' 
species, oxidizing sulfur, iron, hydro^jen, or nudhane, whieh all hav(» 
been grown on nn*dia (»ontaiuin^ nitrate as t he only sour(*(» of nitrojj:en. 

KomuNS (1937) has tried to (dassify tlu» plants with respeet to 
tlndr ability to utilizc» diffenuit sources of inor^anic nitro^(»n. Tt(» 
divides theni into foiir K^^oiips of incn»asin<r specialization.^ 

To tiie first ^roup belonj? the elennnitary nitroj>‘en fixin^x bacteria, 
which are able to utilize all kinds of inorpinic nitroj^en and thus also 
nitrate. This has repeatedly beiui denionstrat(‘d with Azotobacter, 
(Uostridinm, and Jihizobium by cultivatin^r them on nitrat(» m(»dia. 

The second jxroup contains all otlier nitrate» assnnilatinjr orpinisms, 
all of which, accordiiij^ lo Hobbins, also utilize» annnonia. The only 
known exe(»ptioii fro!U this rule is said to be» Vhara,^ Thouj;h it has 
been proved in only a few cases it may bi» assum(»d t hat all these» 
plants — und(»r appropriate eonditions — are also able to assiniilate* 
nitrite nitro^]:en.^ 

Most attention deserves Kobbins third }j:roup: the amnionia or- 
^jfanisms, nitro^i^en autotropliic forms, which are unable to assiniilate» 
nitrate, biit are left to ammonia as the» source of nitroj^en. The fourth 
^^rouj), the nitro^^en heterotrophic orpinisms, is, in spite of its hetc»ro- 
geneity, sharply elistin^uished from the nitrate assimilatinjx jilants. 

To the amrnonia or^^anisms belon^j:, accordinj»- to wide experience, 
several fungi with most yeast species and certain bacteria. Interestint? 
conditions are found amoiij^ the apochlorotic Flagellalac. The ^^reen 


' Treboux 1904, T t is remarkabk, uiUoed, how littk iho rnin<M al iiutritioii of 
inorfHPs hart boen studiod. 

* For detailrt nee e.g. Waksman 1927. 

3 The classifieation by Kobbinö payrt regard only to ilie source of nitrogen and 
is thus of less general value than the moro olaboratcsd scheine proposed by Lwoff 
( 1932) and further developed by PKiNGSifElM (1937 o), which takes both the earbon 
and the nitrogen nutrition into consideration. This do€'s not distinguish the nitrate 
assimilating forms from those only utilizing ammonia nitrogen, however. 

* Patschovsky 1919. Wjthout knowledge of the pH of the nntrient medium, 
(^f. the diseussion of higher plants below, however. 

^ Kostytschew and Tswetkowa 1920, Waksman 1920, Phianischnikow 
1926, Meviits and Dikitssah 1930, Fraps and Sterges 1936. 
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Chlorogonium assirnilates nitrate even when cultivated heterotro- 
phically, its colourless parallel speeics Hyalogonium belongs to the 
timmonia plants, however, as well as Polytoma, Polytomella and other 
apoehlorotic- speeies (Mainx 1927, PrinCxSHEIm 1937 a, b). It is ob- 
vious that the eapacity to utilize nitrate is lost together with the 
chlorophyll. It might be that assirndation of nitrate is especially 
eonnected with eertain earboliydrate transformations, and the 
eolourless forms are shown to utilize only acetie acid but not sugars 
as sourees of earbon. On the other hand they form stareh from the 
aeetic acid, so that carbohydrates ought to occiir at least as secondary 
metabolites. Thus it seems as if tlie capacdty to utilize nitrate is 
link(‘d with the ])resence of chlorophyll in these plants. 

Out of six Euglma-^pi^viei^ investigated by Dusi (1933) three could 
utilize both nitrate and ammonia, one only ammonia but not nitrate, 
whereas two juoved to be nitrogen heterotrophic. llere we find the 
apparently only rej)ort-ed examples of plants, E, denes and piscifor- 
mifi, which are phototrophic, yet also nitrogen heterotrophic.^ 

For the r<‘st we may conclude that earbon autotrophic plants 
utilize nitrate, and that earbon heterotrophy may be followed by in- 
ereasing specialization in the choi(*e of the nitrogen food, ultimately 
leading even to nitrogen heterotrophy. 

It must be emphasized, however, that negative results as regards 
tln^ (‘ai»acity to utilize nitrate are less convincing than positive ones. 
That a plant spech\s docs not grow on a substrate containing nitrate, 
does not prove tluit it is unabh» to assimilate nitrate owing to con- 
stitutional defeets. It miglit as well be due to unfavoiirable exter¬ 
nal (*onditions, hainpering the assimilation or even the absorption of 
nitrate from the external m(»dium. The assimilation must logically 
be initiated by the absorption from the substrate, a process following 
the same riiles as the absor])tion of all other ions ((‘f. LrNnEGÄiiBH 
1940) and strongly influeneed by external conditions. As an example 
may be mentioned that Aspergillus niger is found readily to assimi¬ 
late nitrate.2 Hi’t]vning (1930) and Itzekott (1936) in studying the 
influeiiee of the reaetion of the nutrient medium on the absorption 
of nitrate, found, how'ever, that from NH 4 NO 3 Solutions the fungus 
absorbs nitrate only at a pH below' 3; at a inore alkaline reaetion 
the absorption is not only impeded, but already absorbed nitrate 
is quantitatively given off again from the hyphae. With KNO3 
as a souree of nitrogen, on the eoutrary, the absorption proeecds 
even a t a pH of 6.5. 

Tii only a few known eases higher plants eompletely or nearly (iorn- 
])letely lack the (*apaeity to utilize nitrate nitrogen, namely Cheno- 

^ As to the possiblo iiifluence of the reaetion of the medium on thw propei-ty 
Hoe bolow. j „ 

® KosTVTSfHKW and Tswetkowa 1920, Klein, Eioner, and Muli^er 1. - , 
tiJoLLMicK 1930, Stkinöerg 1937. 
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podium album accordin^ to Marthaler (1937) and isolated wheat 
roots, cultivated at pH c. 7 (Burström 1940). Then it is certainly 
not a question of constitutionally differing forms but of inappropriate 
external conditions directly or indirectly affeetinff the assimilation; 
with the wlieat roots there was primarily a disturbance in the ab- 
sorption of hcavy metals. Jt is interestin^ to note that this i)eculiar 
kind of metabolism both in Chenopodium and Triticum appears 
at a pH of the nutrient medium of e. 7, and that aecordin^ to 
the results of Dusr the deereasinp: power of utilizing nitrate in 
the genus Euglena likewise parallels a shift of the growth optimum 
from an acid to a neutral reaetion. The (*ause of this displa(*enient 
was not studicd, but the s])eeies were all tested at conditions found 
to be optimal, and the totally nitrogen lieterotrophic ones at a rc^ae- 
tion of pll e. 7. The dernand of heavy metals, conspieuous in wheat 
roots, eould of eourse not be giv^en any attention by Dusi, and tht^ 
whole question of the living conditions and nitrogen assimilation of 
these Flagellatae ought to be re-investigated with full attention paid 
to the requirements of mineral nutrients. 

On the whole the optimal living conditions of plants are fairly 
well known, however, and do not vary within too wide limits, so that 
plants elassified as belonging to the ammonia group probably in 
fact also lack the capacity to assimilate nitrate; less thoroughly 
studied ecologically or physiologically specialized forms exce])te(l. 
As regards certain physiological groups of plants wo know little or 
nothing of their nitrogen nutrition. This holds true of the nitrifying 
baciteria, because their iiitense oxidation of nitrogen as a part of the 
eiiergy metabolism renders a study of the nitrogen assimilation dif- 
ficult. Nitrosomonas ought to utilize ammonia or nitrite, but whether 
it is unable to assimilate nitrate cannot be decided, sinee it does not 
grow in the absence of the other nitrogen forms; Nitrobaeter behav<\s 
analogically towards ammonia.’ 

Above all, nothing is known of the nitrogen metabolism of the 
non-ehlorophyllous parasitic and saprophytic (mycorrhizal) Angio- 
sperms and of their behaviour towards nitrate. In view' of the above* 
mentioned conditions among saprophytic Flagellatae this offers a 
problem of the greatest interest. 

Phylogenetically nitrogen autotrophic as well as carbon autotro- 
phic species must be regarded as being mure primitive thaii hetero- 
trophic ones. There are also reasons for assuming that the nitrate 
organisms represent a more primitive level than the ammonia or¬ 
ganisms. In favour of this view argues not only the rather general 
connection betw^een carbon autotrophy and nitrate assimilation 
but also the fact that most plants only utilizing ammonia are for 


1 That it i» injured by ammonia in an alkalino Holution is obviourtly a Hccondary 
action of free NH 3 . 
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^jeneral taxonomical reasons regarded as being derived from nitrate 
organisms. As well known this is true of both fungi and saprophy- 
tic Flagellatae. Even among the bacteria carbon autotrophy is 
regularly connected with nitrate assimilation. With some degree 
of probability it may be assumed that the capacity to assimilate ni¬ 
trate is a primitive character^, and consequently that the mechanism 
of the assimilation ought to be based on relatively simple and ge- 
nerally occurring properties of the cells. 

Besides in the true assimilation of nitrate resulting in the pro- 
(luction of different organic nitrogen compounds, a biological reduc- 
tion of nitrate occurs also in the bacterial denitrification. Here the 
bacteria do not utilize the nitrogen but only the oxygen of the ni¬ 
trate, by means of which they are able to perform oxygen consuming 
reactions even in an anaerobic environment. 

The border line between assimilation of nitrate and denitrification 
thus seems to be rather sharp, but in reality it is very diffuse. This 
is due to the fact, which will be more thoroughly dealt with below, 
that most — perhaps all — plants capable of assimilating nitrate 
may be forced to a more or less incomplete reduction of nitrate in 
(excess of what is assimilated, thus exereting different inorganie 
nitrogen compounds to the environment. This phenomenon denotes 
an almost pathological condition of higher plants, is more regularly 
occurring in fungi, and most conspieuous even under favourable 
growing conditions of many bacteria. 

The real denitrification, as a link of the energy transformations, 
results in the production of N-oxides and Ng of varying proportions, 
the eomplete reduction being carried out biologicaUy. This occurs 
e. g. in bacteria of the common types Bact, fluorescens, pyocyaneuin, 
and denitrificans and also in some autotrophic forms as Thiohacillus 
and Hydrogenomonm agile. 

Without connection with adaptation to anaerobiosis reduction 
of nitrate may result in the formation of nitrite or perhaps ammonia, 
the biological process not going further. The capacity of nitrite 
formation is very common, it is found e. g. with most spore-forming 
bacteria (Bacillus) and many Bacteriuvu Special nitrite formers are 
Bac. ramosus, pestifer, coU, and vulgäre. 

Waksman (1927 p. 543 ff.) States that the disappearance of nitrate 
due to activities of micro-organisms may be caused by three groups 
of phenomena »(1) direct utilization of nitrates ... as sources of nitro¬ 
gen, (2) reduction of nitrogen to nitrites and ammonia in the process 
of the nitrate assimilation, (3) utilization of nitrates as sources of 
oxygen (nitrates as hydrogen acceptors)». Waksman further defines 
denitrifying bacteria as »those which are capable of reducing the ni¬ 
trate to elementary nitrogen and oxides of nitrogen, in which form 

* Hee further Moorb 1919, Prinosheim 1937 a, Bi rström 1943 a. 
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Ihe nitro^en (^seapes into th(‘ atmosphere». Less (*()iuplet(‘ly redueiiiK 
forms are called »nitrate reduein^?». 

These distinetioiis oonsider tlie phenomeiia wliolly from the poiiit 
of view of Ihe soil but are physiologically less satisfactory. Points 
(1) and (2) are in faet physiolopcally identieal, (2) bein^ tlie initial 
])hase of (1). The conditions are further eoinplicated by I wo circum- 
stanees. (a) Keduction with the aim of utilizing the oxygen — type 
(3) — might stop on or at least pass the nitrite stage (Blom 1926, 
Yamagata 1940), group (2) thus not being uniform, (b) Nitrite formed 
aeeording to both (2) aml (3) niay be further reduced non-biologieally, 
thus equalling a true deiiitrifie.ation and being praetieally diffieuU 
to separate from a (^omplett* biologieal redu(*tion. 

Physiologieally it would be more convenient to use d(‘intrifieation 
as denoting the utilization of iiitraL» as a sour(*e of oxygen, and ni¬ 
trate reduetion as denoting the initial ])]iase of the utilization of 
nitrate as a sour(*e of nitrogen, irrespectivc^ whether the produets 
of the redu<*tioTi are assimilated or not. Tt seems, however, as if this 
(listinetion eould not be generally earried through, apart from the 
possibility t hat a plant may simultaneously utiliz(» both the oxygen 
of nitrate for energetieal purpos(‘ and Ihe nitrogen for a syntlietieal 
one. In ma ny eases the nature of a nitrite formation promoted by 
anaerobiosis is not at all eh^ared up, only the extreme eases of deni- 
trifi(*atioii and nitrate reduetion are well separated. It is also a mat- 
ter of importanec» to find out whether tln^se tvvo proeesses, though 
j)hysiologieally different, may be ehemieally related, in as miieh as 
they might ha ve some step in eommon througli the aetion of similar 
or identieal enzyme systems. Although this qinvstion is far from elu- 
eidated it will b(» duly att(*nded to below. 


3. The iiresence of nitrate in plants. 

Nitrate is taken up by the eell as the uiiivalent anion NOa, is 
partly redueed and assimilated but oecmrs partly in the initial form 
within the plant. The nitrate ion as sueh is physiologieally rather 
indifferent, and the (*oneentration of nitrate ean rise to a eonsiderable 
height without any noticeable injury to the plant. Injuries eaused 
by heavy inanuring with nitrates eannot with eert-ainty be as(‘ribed 
to the nitrate itself, but might as well be due to a disturbed balaine 
between earbon and nitrogen (Btuaut 1932), nor hasitbeen possible 
to connect a high eonteiit of nitrate with specifie dianges of the 
morphologieal struetiire of the plant. Tt is pertinent to eompare with 
the Cl-ion, which is supposed to eontribute to such a striking morpho- 
logieal appearance as sueculence in higher plants.^ Cl may then aet 

1 Hayward and Lono 1941. Also alkali motals, by other authors supposed to 
favour Hucrulent textiire, should act as ions, cf. Hötticheb and Behi.ino (19,‘19). 
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by iiicanH of ilB colloidal activity. That Cl may accumulate in even 
liigher c.oncentrations than nitrate is responsible for the difference, 
sinee the aetivities of the ions are rather equal. If also another dis¬ 
tribution wdthin the eells contributes to the lower morphologieal 
a(‘tion of nitrate, is unknown. 


Table 1. Srmie observed top vahies of the nitrate eontent in 
higher plants. 


1 

Mfnol cif nitrato 

1 

Plant inatf-Tial 

on 1 pr of 
(Iry mattor 

! A u t h i> r 

, Tomat o, leavos. 

1.28 

! Eisknmenger 1933 

' Peach, stem. 

TOt)ts. 

(».88 

1.80 

Davidsok & Shive 1934 j 

, Atnarmakuft, aennl parts . . . , 

0.83 

Olson & Whttkhead 194o| 

1 Oats young plants. 

1.(5 

Sp:ssions & Shive 1933 j 

, Wheut, voung leuves. 

0.7.'» 

' IBi^rstrom 1943 


Under iippropriate eonditions an aeeiimulation of unredueed ni¬ 
trate oiight to be possible in all plants. Normally the eontent of 
nitrate varies within wid(‘ limits; this is still inore true in artificial 
(*ultur<‘s with a supra-normally inereased supply of nitrate. Some 
maximum values have beeii assembled in Table l. 

The figures ar(‘ not intended to ilhistrate either some normal con- 
ditioiis of the studied i)lants — in view of the great variation of tln* 
eontent of nitrate there is no reason for speaking of normal eonditions 
at all in this respeet — or speei(*s differen(*es, but only what height 
the eoneentration eaii attain without damaging the plants. (-on- 
eeiitrations u]) to 1 niinol per g dry weight have not seldom been ob- 
served in higher plants. With an average water eontent of 80 % 
this eorres])onds lo 0.2 mmol pr g fresh matter; henee the nitrate ions 
may eontribiite to 4 to 5 atm. of the osmotie value of the cells. 
Sessions and Shive (1933) State that in oats the nitrate nitrogen 
may form up to om» Ihird of the total amount of nitrogen, and in the 
peach root.8 reeorded in Table 1 half the amount of nitrogen eonsisted 
of nitrate. 

As to lower plants very few quantitative data are available. bUNE- 
>soN (1932) reeords some figures for marine algae; the highest eontent 
was found in Laminaria digitata, eorresponding to 0.5 mmol per g 
dry weight, whieh is on a level with the highest values observed in 
land plants, in spite of the very low nitrate eoneentration of the sea 
water. 

Peaksatj. and Ewing (1929) proposo that high eontent of nitrogen eauses succul- 
(Miee by inereaning tho pH and the swolling of cells. 
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a. The physiological basis of the accumulation of nitrate. 

From tliese top fiji^ures the nitrate eontent of healthy plants inay 
attain any value down to zero. The conditions for an accumulation 
of nitrate are, in principle, that the intake of nitrate exceeds the eon- 
sumption.i Increasin^ supply of nitrate promotes an accumulation^, 
though only up to a (‘ertain limit®, probably deterrnined by the 
capacit.y of active ion absorption. All faetors retarding the assimi¬ 
lation likewise cause an increased accumulation. Without entering 
on the physiological connections there may be mentioned: lack of 
(*arbohydrates^, decreased illumination^, and sulphur deficiency®. 
High concentration of the nutrient medium inhibits the accumu¬ 
lation.’ In leaves the nutrient supply, and thus also the accumulation 
of nitrate, is partly regulated by the intensity of the transpiration: 
increasing transpiration eausing an enhan(‘ed migration of nutrients 
and a high eontent of nitrate (Dittrich 1930). 

The co-operation between these and perhaps also other faetors 
regulating the nitrate eontent is, of eourse, always eomplieated and 
renders a detailed analysis of the eauses of the nitrate a(*eumulation 
in each special cRse impossible. It is wortli rnentioning e. g. that the 
diurnal variations of light intensity and transpiration togetlier eausc* 
regular flucttuations of the nitrate eontent of leaves; how tln^se will 
appear under different ecological conditions is wholly unknown, how- 
ever. 

A mere statement that a plant eontains so and so mueh of nitrate^ 
is tlius of very little in terest, and the whole question would not be 
worth inuch attention except for three reasons. Some attempts ha ve 
been made to give more general explanations of the accumulation, 
which have bearings on the mechanism of the nitrate assimilation; 
the occurrence of nitrate in plants has, no doubt, a eertain ecologi¬ 
cal significance; and finally, the distribution of nitrate within plants 
has often been used as an argument in the diseussion of the location 
of the nitrate assimilation. In the following these three points will 
be duly considered. 

Bunning (1936) and Itzerott (1936) claim that the accumulation 
of nitrate in Aspergillus hyphae depends upon an adsorption to 

^ Accumulation here denotcH a storing of imreduced nitrate in general, ir- 
respective of the relation between external and internal concentrations. Owing 
to the normally low eontent of nutrient media the latter usually oxceedn tho former. 
The mechanism of this internal enrichement is the same as for other ions, and 
cannot be dealt with in this connection. Cf. LundeoIrdh 1940 . 

« Street 1934, Marthaler 1937, Culpeppkr 1937, Burström 1937, 1943 b 

* Schreinbr and Skinner 1910, Marthaler 1937. 

* Schtjmacher 1928, Dittrich 1930, Ross 1938. 

s Dittrich 1930, Eisenmenger 1933, Street 1934, Lease and Tottingham 
1935, Burström 1942, 1943 a, b. 

* Niohtinoale, Schbrmbrhorn and Robbins 1932, Ross 1938. 

’ CoMBBS and Malzibu 1943. 
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colloids of the (^ell sap. The assumption is founded on the observa¬ 
tion that the accumulation is re^fulated by the acidity of the medium 
and the cell sap, and increases with increasing relative external ad- 
(iity. This is theoretically to be expected if the ion absorption tends 
to a Donnan equilibrium between external medium and the charged 
cytoplasm, but in the absence of all quantitative data it is impossible 
to decide if this is actually the ease with the hyphae. In more closely 
>studied roots ion absorption is governed by active intake connected 
with respiration, and any equilibria are never obtained (Lundegåudh 
1940). In these organs there is not either any intimate relationship 
between external acidity and accumulation of nitrate.^ It is possible 
that such a mechanism might achieve decisive importance if the ab- 
.sorption proceeds so rapidly that the assimilation and migration of 
nitrate from the absorbing surface plays an only subordinate röle 
for the ion concentration. This may be the case in hyphae and other 
unicellular organs with a very large absorbing surface and relatively 
small accumulating volume. 

After having shown that nitrate is synthesized in autolyzing leaves 
Yiokery and al. conclud(‘ that there is a reversible equilibrium be¬ 
tween nitrate and some redindion product, though they could not 
(lecide which. Such a point of view can generally explain the in- 
complete reduction of nitrate, which appears as an accumulation, 
and it would be a sound progress, if the external and internal factors 
regulating the assimilation could be interpreted in terms of the shif- 
ting of an equilibrium. It is necessary to consider, however, that 
active migration of nitrate between cells and tissues of different pro- 
perties also may have some effect. The opinion is of great interest, 
but. it rernains to be shown that a production of nitrate occurs also 
in not autolyzing organs. Another objection may be that, according 
to the eited authors, the formation of nitrate does not take the way 
through the oxidation of nitrite, and it is unanimously believed and 
never contradicted that nitrite is the first step in the reduction of 
nitrate. Further investigations of this important side of the nitrate 
metabolisrn are desired. 

As a (»oncurrent or even inain cause of the nitrate accumulation 
some authors have proposed a lack of indispensable substances — 
enzymes or other catalysts — for the nitrate assimilation. The opi¬ 
nion can be traced back to the efforts by Eckkrson (1924) to iso- 
late a nitrate reducing system from different plant materials, and 
has later been followed up by Ditteich (1930). A certain, apparently 
justified criticisin can be directed against these results, which will 
be thoroughly dealt with below. Ditteich arrives at the conclusion, 
however, that the capacity of expressed juice of tissues to reduce 

1 CtA^^nd Shive 1934 b, Bcbström 1940; an indication of such a connection 
ha« been described by Davidson and Shive 1934 for peach roots, heavily dressed 
with nitrate. 
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nitrate varies inversely to the normal oonteiit of nitrate. Juice from 
plants ri(*h in nitrate should reduce nitrate niore slowly than sucli 
from nitrate-poor xdants, owinj? to an exhaustion of the reducinK 
substanees. It can be doubted if this eon(‘lusion is fully justified, 
however^ the inorc as Dittrich himself empliasizes the iinportan(‘e 
for the nitrate reduc-tion of also the acJnal coneentration of carbo- 
hydrates. With wlieat roc)ts, which are notoriously nitrate storin^ 
orjxans, it has been showii that the assimilation can vary witliin widi* 
limits, without fluctuations of the nitrate aecumulation (Burström 
1939 a); in this ease the caiise must be sou^iht in a hij?hly faciliated 
absorption of nitrate. 

Apart from these obj<v.tions it is obvious, liowever, that a consti- 
tutional inability of a plant, an orpin, or a tissue to assimilate nit¬ 
rate must eause an accuimulation. This is ])robably al least a con- 
curreiit eause of the oft(‘U observed liijjh (*onceiitratiori of nitrate in 
ordans with a slow metabolism, for instam‘(‘ stems or petiols as eom- 
pared with Jeaves and roots (se<‘ furtlier section 4). 

Apparently these theories ean hardly detraet from tln» (*orr(M*t ness 
of or replac(‘ the general i)oint of view that in eaeh (Tise a number of 
faetors eo-operate in r(*gulating tlie absorption and assimilation of 
nitrate, and that the differenee betwetn these two ])roeesses deter- 
mines whether nitrate^ is a(‘eumulated in the unreduced form or not. 


b. Nitratophilous and nitrate aeeuniiilatin^ plants. 

Xevertheless, distinet differeiices in the tcMideney of eertaiii plant 
speeies lo store nitrate or to i)refer nitrate as a nutrient liave oft(Mi 
been observed. Tt is well known that the amoimt and form of iiitro- 
gen of the soil is a faetor of imi)ortancc for the distribution of inan>' 
plant speeies. It is obvious, to meiition one exami)le, that one rnaiii 
nutritional differenet^ between the mull and the mor soils lies in tlu* 
usually am}}le nitrifieation within the former and tln». lack of nitri- 
fication of the latter. This permits the appearanee on mull soils of a 
vegetation with a special need of nitrate nitrog(m, which can not feed 
well on mor soils. 

Observations of this kind have caused the ereation of tln^ concep- 
tions of Tiitratoi)hilous plants, as denoting jdants espi^cially preferring 

^ The foUowing remark must be made against the exporimental data, on whieh 
this conclusion is founded. Dittrich has compared tho nitrate redurtion of juic*(* 
from threo speeies and states in the text that m the one of the highest nitrate 
content (Solanum) the absolute amount of in vitro redueod nitrate was lowcst, 
and vice versa. From his Table tho following figiiros for the amounts of roduced 
nitrate can be quoted, however: Impatiem leaves 0.27, stem 0.22, Borago leaves 
0.28, stem 0.22, Solanuin leaves 0.30, stem 0.24 mg of N. It is difficult to agree 
with the author that these figures are highest in Impatiem and lowest in Solanum. 
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nitrate as a souree of nitrogen. It must be emphasized at once, liow- 
ever, that the conception only has an ecological significance. Under 
ai)propriately arranged artificial conditions — above all with a sui- 
table reaetion of the nutrient medium — most plants have shown to 
grow quite as well on ammonia as on nitrate media. ^ This is true also 
of many ecologically notoriously nitratophilous plants. Further it 
iias been shown experinientally only with a rather restricted number 
of mostly cultivated plants that they on their growing localities really 
prefer nitrate for ammonia; this is the oase e. g. with wheat, com 
and sugar-beet; aniong wild plants may be mentioned Urtiea dioeca 
stildied by Olsen (1921) and Blltum capitatnm, according to labora- 
tory ex])eriments by Piröciile (1931). Only the oceurrene.e of wild 
sp(*cies on soils rieh in nitrate is not suffieient to eharacterize tlu* 
])lant as a nitratophilous speeies. Besides the faet that other edafic*- 
(‘onditions may be deeisive for the distribution of the plant, it is 
difficult t-o separate really nitratophilous from nitrophilous speeies, 
whi(*li have a high need of nitrogen in general, withoiit especially 
])referring nitrate.^ 

Kuderal })lants hav e of old been regarded as especially nitratoplii- 
lous ])lants, partly beeause the soils are rieh in nitrate, i)artly be- 
eaiise the plants regularly aecumulate nitrate in appreeiable quanti- 
ties. This opinion has been eontradicted by Mauthaler (1937), 
hcmev^er. A typieal ruderal plant as Chenopodhm album is eertainly 
rieh in stored nitrate but is especially adapted to utilize ammonia 
nitrogen and does hardly assimilate nitrate at all. The high eontent 
of nitrate of plants from tlieir natural growing habitats does not in- 
dieate a prefiTenee for nitrate as a nutrient, but is obviously simply 
the expression of an iiiability to assimilate the nitrate, abundantly 
])resent in the soil, whieh the roots ean not avoid absorbing.^ 

Other plants whieh a])pear on localities of almost every kind, pro¬ 
vided that t hese are rieh in nitrate — mostly light, well aerated soils 
— and whieh also regularly aeeumulate nitrate have been regarded as 
speeifie indieator plants of nitrate», e. g. Eubns idwm and Ghama - 
ncrioH anguntljollam (IIeshelman 1917). U nfortunately we do not 
know the details of the nitrogen assimilation by these plants. 

The (tause of real nitratophilv is unknown. It may be a preferenee 
of absorption of anions over eations due to the constitution of the 
absorbing root surfaee, or an inability of the roots to withstand the 

^ I*iR8CHLK 1929, 19S1 a, b. 

This is due to the faet that soils rieh in nitrate also must be the seat of an 
ainple formation of ammonia, whieh is the souree of the nitrification. Thus it may 
bo impossible to dooido in whieh form the nitrogen in faet is utilized by the plant. 
(7. Komell 1934. 

“ How Ch, album behaves on substrates of other reaetions than of the normal 
pH 0. 7 is unknown. TmsCHiK (1931) has shown that the related Blitum capu 
tatum always makes the best growth with nitrate. This speeies is really nitratophi¬ 
lous. 
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tendency of acidifying the external medium, which follows from an 
absorption of nitrogen as amraonia. In the experiments of Pirschlk 
with BUtum eapitatum and other plants at constant reactions of th(* 
nutrient media the latter possibility was ex(‘luded, anyhow. It seems 
less probable that higher plants should really need the process of 
nitrate reduction to maintain the normal course of their met abolism. 
The denitrifyin^ bacteria are probably unique in this respect. 

It is also well known that nitrate enhances the absorption of cations 
from the nutrient medium, whereas ammonia may have the oppo- 
site effect. As far as this difference is deeisive for the choice of ni- 
trogen food, nitratophily would not depend upon a special mode of 
nitrogen nutrition but on the need of mineral nutrients in general. 

Another fact which must be stressed in this eonnection is that 
feeding a plant with ammonia may exhaust the carbohydrate re- 
serves more rapidly than if it assimilates nitrate, even with the. same 
rate of growth (see further section 9). Thus preference of nitrate 
implies a saving of carbohydrates. It should be worth while to in> 
vestigate if this circumstance may be of importance for plants with 
a constitutionally slow gas exchange, e. g. suc^mlents. 

As has been shown above, nitratoi)hily has been confused with an¬ 
other phenomenon, namely that certain species under normal con- 
ditions generally contain nitrate, whereas others lack it. 8uch dif- 
ferences have caused the distinction of nitrate accumulating plants 
from nitrate poor plants.^ From the above-mentioned exarnples il 
is evident that there is no causal eonnection between nitratophilous 
and nitrate accumulating plants. A species rnay liave both proper- 
ties, e. g. wheat or Urtica, but also store nitrate without being nitra¬ 
tophilous (Ghenopodium album), If, on the other hand, there are 
also more or less nitratophilous plants which absorb nitrate so slowly 
or assimilate it so rapidly that they never contain unreduced nitrate 
is unknown. IJesselman reports that certain character plants from 
nitrate rich mull soils, e. g. species of Anemonej never contain ni¬ 
trate, but again we lack all informations as to their nitrogen assi¬ 
milation. 

It has often been emphasized that the property of accumulating 
nitrate especially appears within certain taxonomical units of plants, 
e. g. the Graminecej ChenopodiaeecBj AmaranthacecBj and ^olanacece,^ 
How far the property really may be a systematically fixed character 
is rather difficult to ascertain, however. Obviously, only very few 
plants have been investigated, and generalisations may be dubious. 
Among the grasses the judgement is mainly based on the conditions 
of the cereals, and most investigated species of Chenopodiaceae be- 

^ The conceptions go back to Schimpkr, aee Dtttrich 1930 . The term »Sal- 
peterpflanzen» was inaugurated by Momsch. 

* That the Leguminosce are always poor in nitrate is undoubtedly due to their 
special mode of nitrogen nutrition. 
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long to the same ecological type, growing on highly fertile soils rich 
in nitrate, or on sandy shores, whioh may also be characterized by 
a rapid nitrification. 

That taxonornical differences occur, even between small systema- 
tical units, is unquestionable, however. One striking example has 
been given by Suneson (1932, 1933), dealing with the occurrence of 
nitrate in marine algae from two localities, one on the Swedish, an- 
other on the Freneh western coasts. Since the nutrient conditions 
must be regarded as eomparatively uniform in both places, species 
differences ought to appear rather distinctly. Some 90 species from 
each of these places were investigated. The Phccophycece, except 
the species of Lamhiaria, hardly ever contained nitrate, but among 
the Chlorophycem and lihodophycece all gradations were found from 
species rich in nitrate to those devoid of it. As examples of syste¬ 
rn atical differences is put forth that 10 investigated Polysiphonia 
species, 5 from each locality, all were devoid of nitrate, whereas the 
Veramium species equally regularly were rich in nitrate. 

That such observations illustrate fixed taxonornical differences is 
indubitable. It w^ould be premature, however, necessarily to ascribe 
th('Tn to any fundamental dissimilarities in the nitrate absorbing 
or assimilating mechanisms of the plants. To some extent they may 
simply be eonnected with differences in the organography and histo- 
Jogy — involving perhaps a mere quantitative difference between 
absorbing and assimilating parts. It has also repeatedly been stated 
that within higher plants the aecumulation is unevenly distributed 
over the organs, and that there usually is a drift of the nitrate con- 
t(‘nt with tlie age of the plant, due to the ontogenetical development. 


c. The distribution of nitrate within the plant. 

The above-raentioned daily variations in the nitrate content also 
iletraets from the value of single observations of the distribution 
of nitrate within the plant. 

In several instanees it has been stated that the nitrate content 
is highest in the roots and deereases through the stem to the leaves, 
where it attaines its lowest value. This is especially obvious in trees, 
where nitrate is usually found only in the fibrous roots, but is nor- 
mally lacking both in the old parts of the roots and in the aerial parts. ^ 
In leaves of deciduous trees nitrate is said to occur only af ter heavy 
manuringä or in localities especially rich in nitrate.® Some excep- 

^ Peach: Niohtinqai.e 193ö, I) a vidson and Shive 1934. The latter observed 
nitrate in steras under conditions of hampered assimilation. Apple; Thomas 1927, 
Tiedjens 1934, Nioktinoale 1935. Hesselman 1917 records that nitrate is 
seldom found in the leaves of deciduous trees in natural localitieB in S. Sweden. 

* Apple: ÖTUABT 1932. 

® Leaves of Fraxinua and XJlmua contain nitrate only in groves on soils with a 
^'e^y rapid nitrification acc. to Hessedman 1917. 

2—45441 Kungl. Lantbrukahögskolana Annaler Vol. 13 
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tions are found, however: Garpinus and Sambucus belon^ to the ty- 
pically nitrate accumulating plants (Bittrich 1930), which might 
be due to their ooourrence on mull soils. 

A similarly decreasing content of nitrate from the base to the top 
of the plant has been found in several herbs^, in Pandanus and Ana¬ 
nas,^ 

Another type of plant is also described, however. It has already 
been emphasized that in certain herbs the highest content of nitrate 
is found in the stems or petiols.^ Bittrich assurnes that this is the 
rule among nitrate accumulating plants. This may depend upon the 
slow metabolism of the stem, which serves as a storage organ. In 
wheat, however, the highest content of nitrate may be found either 
in the stem, or in the leaves, or even in the roots.'^ Any classification 
of the plants along these lines is of only limited value owing to the 
large fliictuations of the nitrate content. 

In consequence also the observations made of the changes of the 
nitrate content with the age of the plants are scarcely coinparable. 
The statements are also rather varying. Soinetimes the content of 
nitrate increases with iniireasing age of the plant or is higher in older 
leaves than in younger.^ Becreasing nitrate content with increasing 
age, on the oontrary, is described both in higher plants and marine 
algae.® 

According to C^ampbell (1924) the nitrate content of Amaranthus 
retroflexus and a number of other species attains a maximum value 
just before the flowering stage, whereas the content is lov^ in the 
seedlings and the mature plants totally lack nitrate. 

In no case any attempts have been made to find out which changes 
of the absorption or assimilation of nitrate are responsible for these*. 
drifts of the content. How the observations of the distribution of 
nitrate nevertheless have been applied in locating the assimilation 
will be dealt with in the next section. 


^ E.g. in Vtcia faha, Dittric h 19.30. In Aaparagus nitratt^ appears only in roots 
acc. to Nightingale and Schermerhorn 1928, biit in light it may be found also 
in leaves, which must be due to an increased transport to the leaves. Cf. abo ve. 

® SiDERis, Krauss, and Youno 1937, 1938, 1939. 

® In stems of tomato, Amaranthus and other nitrate accumulating plants, see 
Campbell 1924, Dittrich 1930, Clark and Shive 1934, Tieojens 1934; in petiols 
of Cucurbita acc. to Culpepper 1937 and turnips acc. to Zander 1943. A similar 
condition is found in tobacco (Eisbnmenger 1933) and beet (Frbae 1930), where 
the highest content appears in the mid-veins of the leaves. 

* Cf. Dittrich 1930 and Burström 1937. 

® Wheat: Dittrich 1930, Burström 1937; Helianthus: Dittrich; Cucurbita: 
Culpepper 1937; Ananas: Sideris, Krauss and Young 1938, 1939. 

« Sorghum: Olson and Whitehead 1940; oats: Sessions and Shive 1933;. 
Phaeophyoece and Rhodophyceoe: Suneson 1932, 1933. 
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4. The Seat of the nitrate assimilation. 

A (iiscussion of the course of the nitrate assimilation must start 
with an attempt to find out where in the plant the process takes 
place. Conflicting views have been advanced on this subject. This 
does not primarily depend upon errors in the observations on which 
the opinions have been founded, but the more upon sometimes lacking 
logicalness of the conclusions. In order satisfactorily to analyse the 
question, it is thus necessary to scTutinize the advanced arguments. 
The problem can be divided in to two, first in which organs or tissues 
of higher plants the process takes place, and secondly to which part 
of the cell it can be localized. The latter problem concerns, of course, 
equally unicellular plants, thallo-, and corniophytes. Considering 
the both histological and cytological polyrnorphy of the nitrate assi- 
milating plants, it would be premature to assume that generally 
valid answers can be given io either question.^ 

As to higher plants the question first arises, whether the assimila¬ 
tion takes place in the roots, in the leaves, or in both places. The 
assimilation indubitably rnay occur in both organs, though diffe- 
rent species behave differently in this respect. The more important 
arguments advanced in this discussion have been compiled earlier 
(Burström 1937). They can be divided into four groups: 1) the dis¬ 
tribution of accumulated nitrate between different organs, 2) the 
local occurrence of products of reduction or assimilation of nitrate, 
3) the local distribution of substances supposed to take part in the 
assimilation of nitrate, and 4) the assimilation in detached organs. 

The uneven distribution of nitrate has been differently interpreted. 
Some authors have assumed that the assimilation takes place, where 
the highest concentration of nitrate is found. The argumentation 
has especially been applied to trees, in which nitrate is only or mainly 
found in the roots, where then also the assimilation ought to occur. 
The conclusion is, of course, unassailable, provided that the analyses 
really show that no nitrate migrates into the leaves and is not only 
consurned as it arrives there. Kostytschew" and Tswbtkowa (1920) 
cmphasize, however, that nitrate is not found within rapidly assimi- 
lating Aspergillus hyphae. lu the same way Bisenmenger (1933) 
conciudes that in tobacco plants the assimilation must take place 
in or near the midveins of the leaves owing to the high content of 
nitrate of this part. 

Contrary to this view other authors assume that the assimilation 

^ Both in discussing their own rosults and in quoting earlier papers several 
authors have not distinguished between the assimilation of nitrate and the forma¬ 
tion of protein. A secondary synthesis of protein from proteolytic products, amino 
acids and ammonia, surely occurs in every living cell, independently of an occuring 
assimilation of nitrate. In the following, results obviously dealing with only the 
synthesis of protein from unknown sources have been left out of consideration. 
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takes place, where the nitrate content is lowest, that is to say tliat 
it is usually confined to the leaves.^ Tliey then assume that the low 
content is caused by a rapid assimilation. As was emjdiasized above 
the content of nitrate depends upon the differenco between supply 
and consumption. Thus the aetual eoncentration does not reveal 
anythin^ of the rate of either single process, and the uneven distri¬ 
bution within the plant caii not be used as an ar^^iiment in the dis- 
cussion of the localization of the assimilation. 

As an argument in favour of the opinion that the assimilation takes 
place in tlie roots of Nareissus Nightingale and EonniNS (1928) 
State that nitrite and ammonia momentaneously ai>pear therc fol- 
lowing a supply of nitrate. At least as regards the oecurrenee of 
nitrite the eonclusion is justified, because tliis is not formed within 
higher plants in any other known way than from nitrate'^ and is so 
instable that it cannot be transx>orted within the plant. Less eon- 
vineing is the local aecuniulation of organic I^-eonipounds, because 
they are readily transportable.^ Togetlier with all other reasons put 
forth by NroHTiNGALE it nevertheless confirms his assuinption that 
in friiit/ trees the assimilation is wholly localized to the roots. 

Eckerson (1924) has proposed a method of determining the ni¬ 
trate redu(‘ing cajiacity of organs by studying the formation of ni¬ 
trite from nitrate in the expressed juice or extracts, by ineans of 
whi(*li atternpts have been made to localize the assimilation to cer- 
tain places within the plant.^ The ralidity of the method wholly de¬ 
pends upon the assumption that the nitrite production deterniined 
in vitro correctly expresses tlie capacity to assimilate nitrate in vivo. 
In this connection there is no reason entering into this rather widc* 
question, which will be dealt with below, the more as the method 
has not led to any results essentially differing from those obtained 
with other methods, with one exception, namely the a8sumx)tion that 
the assimilation should take place in the phloem.^ It is founded on 
the two observations that the reduction of nitrate to nitrite has an 
optimum at plI c. 7.5, and that the only tissue in vivo having a reac- 
tion above pH 7 is the phhxmi. The argument is not quite conclu- 

^ DiTTtticH 1930, SiDERTS, Krauös aml Vouno 1938, 1939. 

2 Concerniiig an ohnervod formation of nitrito proHumably clireetly from protein 
m Actmomycotess and baoteria »ee Waksmais (1920), where further literature is 
quoted. 

® Bambacioni 1926, Nioktinoalk and Bt.ake 1934; the latter alao record, 
however, that in one c*aso the organic N preHumably formed in the roots of apple 
trees was transported to the leaves, where it caused an increased growth. The 
methods of Bambacioni have further been criticized by Gouwentak 1929. 

* Eckerson 1924, 1932, Dittrk h 1930, Niohtingale 1935, Nightinoale, 
SCHERMERHORN and KOBBINS 1932. 

® Eckerson 1924, Nightinoale, Schermerhorn and Robbins 1932. The 
same opinion was advanced already by Sachs, but no really tenable proofs have 
boen given in favour theroof. 



The Nitrate Nutrition of Plants 21 

sive, and a verification by some other method would have been 
desirable. 

A reliable method of establishing the capacity of an organ to assi- 
milate nitrate is to study its metabolism detached from the other 
parts of the plant. In this way it has been possible incontrovertibly 
to State that assimilation of nitrate can take place both in leaves and 
roots, and no instance of failure to do so has been recorded. Consump- 
tion of nitrate has repeatedly been demonstrated in detached leaves. ^ 
That isolated leaf meristems can grow on synthetic media is known, 
and even callus-formations can grow and multiply indefinitely in 
substrates containing nitrate as a source of nitrogen (White 1939). 

Isolated roots of many species are easily grown on synthetic media 
(‘.ontaining nitrate and are thus able to assimilate^ nitrate if only 
carbohydrates are present, even without the co-operation of the 
leavcs.2 A synthesis of protein from nitrate by isolated root systems 
of Oats has been demonstrated by Postma (1939), and quantitativc 
deterrninations of the nitrate consurnption by isolated wheat roots 
by Burström (1937, 1939, 1940). With this latter material it was 
also sliown that the nitrate assimilation takes place in the same part 
of the root/ as the ion absorption, that is to say in the youngest part 
of the root hair zone with still living root hairs. 

It was further shown that nitrate is assimilated immediately af ter 
or perhaps in eonnection with the active absorption of nitrate from 
the nutrient medium. Hence it must take place in the peripheral 
])arts of the root and not to any ineasurable degree in the conducting 
parts during the migration upwards through the stele. 

Even if it thus has been made evident with a number of plants 
that roots and leaves can assimilate nitrate independcntly of each 
other, so does this only imply that the organs potentially possess 
this property, but it does not show how the capacities are normally 
utilized by the plants. How the assimilation of nitrate is distributed 
between roots and leaves in intact plants under natural conditions 
is hardly known at all, and generalisations are not allowable. The 
deciduous trees studied by Nightingale, Shive and their collabo- 
rators deserve to be mentioned onee again, since the conditions there 
seem to be so simple that the assimilation is wholly confined to the 
roots, and the leaves are obliged tb live nitrogen heterotrophicly. 
Only with wheat plants a detailed study was made of the quanti- 
tative distribution of the assimilation between roots and leaves un- 

1 ZALESKF 1901, SCHTTMACHER 1928, DlTTBICH 1930, Björkstén 1930, ViCKERY 
and al. 1933, Burström 1943 a, b. 

* There is a comprohensive literatiire on this subject, but only a few investiga- 
tions deal especially with the nitrogen nutrition, e.g. Sideris, Krauss and Youno 
3937, Robbins and Schmidt 1938. Tn several instanoes it has not been possible to 
grow roots of certain species on the standardized synthetic media; whether this 
has Romething to do with the nitrogen nutrition is unloiown, but seems improbable. 
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der artifieial conditions, by compariug the nitrate consuniption by 
intact plants and isolated organs. One example is given in Table 2. 

The first part of the Table (A) shows that the assimilation of the 
stored nitrate is very little affected by a separation of the leaves from 
the roots. The assimilation is very slow within the roots, but it 
increases rapidly if nitrate is added to the substrate (part B). Out 
of 0.063 minol of nitrate taken up 0.025 mmol (0.036 — 0.011) or 
40 "o are assimilated. Usually it was found that 40 to 50 of the 


Table 2. The assimilation of nitrate by entire wheat plants and 
detaehed parts dnring 2 days. 

(Mmol of nitrate per 14 plants. From BrasTKöM 1})37). 


Xutrient medium anti jiart of 
tho plant 

Initial 
ot lUtl 

amom.l j ^hsorhed 
*" ! from tho 
loavoai 

Amount of nitrate i 

atMiiriilated m ’ 

1 leaves | totally i 

A. Aqua (iest. 




1 

! 

1 

intact plants. 

0.084 

0.044 


i 

0.054 i 

exciacd roots. 

0.089 

_ 

- 

O.Oil j 


oxcised leaves. 

—* 

O.O,-}! 


- - i 0.020 

j 0.040 i 

B. KNO 3 1/400-mol 




! 

1 

intact planta. 

0.O63 

0 027 

0.332 

j 

0.23C j 

exeised roots. 

0.083 

_ 

0.063 ! 

0.fi3ö i j 


! exeised leaves. 


0.040 

0.O3O 

' 0(14.’'» ! 

^0.081 : 


absorbed nitrate is consunied already at the entrance into the root, 
independently of the absolute amount absorbed. Tf this is applied 
to the intact plants supplied with nitrate, about 0.130 mmol of the 
absorbed nitrate should be consumed in the roots and the remaining 
0 .100 mmol in the leaves. On the other hand, st,arting from the fact 
that nearly 50 % of the nitrate is assimilated in the roots and con- 
sidering that in the long run the stored nitrate only forms a minor 
part of the total amount taken up, the eonclusion must be drawn 
that under the given conditions the assimilation is nearly equally di¬ 
vided between roots and leaves. The result eanuot be imreservedly 
applied to plants in the field, however, above all in view of the dif- 
ferent temperatures of soil and air. 

A further localization of the assimilation to certain tissues or parts 
of the cells has been possible in only a few cases. 

From the observation that the assimilation by roots of tomato is 
influenced by the reaction of the external medium Claek and Shive 
( 1934 a, b) conclude that it must take place near the root surface. 
The results with wheat roots have led to the same assumption. In 
favour of this opinion argues that the assimilation probably takes 
place in close connection with the absorption from the nutrient me- 
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dium, and nitrate stored in the root is assimilated only slowly (cf. 
Table 2); the direct influenee of the external reaction could not be 
verified with wheat roots, however (Bubstböm 1937, 1939 c, 1940). 
The action is here only indirect, the acidity of the medium regulating 
the absorption of Mn-ions, which in their turn take part in the assi¬ 
milation process. The assimilation is so sensitive to changes in the 
content of cations of the external medium, however, that it is ne- 
(»essary to assume that it takes place on the surface of the root, 
apparently in direct contact with the surrounding medium.^ The 
results thus do not only verify the theory of Clark and Shivb, but 
they give an even more stringent picture of the localization of the 
assimilation to the surface of the root. 

As regards Äspergillua niger Kostytschew (1927) also concludes 
that the assimilation takes place on the surface of the hyphae and 
not within the cells, nor ectoenzymatically in the substrate. Bunning 
(1936) assumes that it is localized to the vacuole and not to the cyto- 
plasrn, because nitrate only appears in the cell sap. The conclusion 
is hardly necessary, since the nitrate in any case must pass the cyto- 
I)lasm to reach the vacuole, and B(mNiN(^ has, in fact, not studied 
the consumption of nitrate at all.^ 

Even witli this plant material there are some statements as to a 
reduction of nitrate to nitrite and eventually further to ammonia 
<‘xtracellularly, and that the products formed in the substrate are 
subsequently absorbed and utilized by the plant (Klein, Eigneb 
and Mitller 1926, Itzebott 1936). This opinion is founded partly 
on the observation that the products mentioned always appear in 
the external medium but never within the hyphae®, partly on the 
fact that an old nutrient solution, in which Aspergillus has grown, 
in certain cases reduces nitrate to nitrite itself. 

That nitrite and ammonia appear at all is explained by Kos¬ 
tytschew and Tswetkowa so that the reduction proceeds so rapidly 
that the assimilation is left behind. The accumulation in the exter¬ 
nal medium is easily understood if the reduction takes place on the 
cell surface. The statements by Bunning and Itzerott that the 
liyphae also easily give off stored nitrate, deserve attention in this 
connection. Bach and Desbobdes (1933) likewise found that Äs- 
pergillus repens to the nutrient medium gives off the nitrite and 
ammonia formed by, and supposedly within, the cells. On the whole 
it seems as if the nutrient exchange of the fungus with the substrate 
is much more intense and also more roversible than that of roots. 

' BuRSTiiöM 1939 c. How this meohanism is supposed to work will bo dealt 
with in chapter 8. 

^ Kostytschew, on the other hand, could not detect nitrate in the hyphae 
at all, though the fungus assimilated nitrate readily, another example of the fact 
that the accumulation of nitrate doos not indicate the place of the assimilation. 

® This was already shown by Kostytschew and Tswetkowa 1920 but inter- 
pi*eted as being due to an exosmosis of the products of reduction. 
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This is not surprisin^? considering tlie enorruously much greater sur- 
face in relation to the volume of the hyphae as compared with roots, 
and the lack of migration from the absorbing parts to less exposed 
si)ots within the plants. Thus the appearance of metabolic products 
in the substrate of fungi and bacteria does not neeessarily niean that 
these are also formed extracellularly. 

It is obvious, on the other hand, that not only these products but 
also nitrate reducing substances of unknown character sometimes 
may diffuse out from the hyphae. Itzerott (1936) emphasizes, 
however, that the (‘xtracellular reduction of nitrate lacks practi(ial 
importance, since it only proceeds at a slightly alkaline reaction, 
which is nornially never realized. This opinion may give a fairly true 
(diaracterization of the physiological side of the phenomenon. That 
su(*Ii substances really can leak out from — presumably undamaged 
— cells further indicates their loc.alization near the cell surface. 

Mtratc reducing substances have been extracted ev^en from Solu¬ 
tions of root cultures. Klein and Kisser (1925) devadoped a pre- 
paration from Solutions of corn cultures, whicdi under antiseptical 
(‘onditions reduced nitrate to nitrite. Tlndr papcr shows, liowever, 
that all experiments arranged with additions of glu(?ose had to be 
discarded, owing to bacterial infection, why it is excusable to doubt 
the effectiveness of the baetericidal (tolueiie). The prc^sence of the 
very conimon nitrate reducing bacteria is always a serious source of 
error in all such experiments with root cultur(\s. In nutrient Solutions 
from wholly aseptic cultures of hcalthy wlunit roots neither nitrite 
nor reducing substances wdll appear (BuRSTRchi 1939 a). 

In the physiologically rather equal hyjdiae and roots — both being 
nitrogen autotrophic, carbon heterotro})hic, and adapted to or easily 
adaptable to a submerged life — the assimilation of nitrate obviously 
normally takes place in the (*ytoplasm, in or near the outher surface, 
possibiy in direct contact with the ext-ernal medium. Tlu», acc.umula- 
tion of products of reduction or assimilation in the substrate usually 
depends upon an exosmosis from the cells, though a certain extra- 
cellular reduction of nitrate might occur, a t h^ast with fiingus hyphae. 
Whether this has some physiological importance seerns doubtful. 

Of course these results cannot be applied to organs of very diff(‘- 
rent structure. After having studied the properties and textures of 
the chloroplasts of Lactuca Ullrich (1924) assumes that these are 
the Seat of an accumulation of protein, possibiy also a formation of 
protein from nitrate.^ With this assumption tallies the observation 
that the assimilation of nitrate in green organs has proved to be 
coupled with the assimilation of carbon dioxide, which implies that 
it must be localized to the chloroplasts. Otherwisc there are no 
further contributions to the knowledge of the location of the assimi¬ 
lation of nitrate in leaves and similar organs. 

1 Cf. criticizm by Schumacher, 1929. Further chapter 9. 
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5. Products of the reduction of nitrate. 

The end products of the assimilation of nitrate are all organic 
N-compounds of the plant. There is no characteristic shift between 
the different forms of organic N at a low and a high supply of nitrate, 
both solnble N and protein are formed in increasing amounts with 
increasing supply. The enhanced synthesis of organic N results either 
in an increased growth, irnplying an almost uniform increase of all 
organic matter, or in an increased accumulation of amino acids or 
l^roteins in the cells owing to the casual effect of N as a growth factor. 


Tabh^ 3. Thv vonients of some forms of organic K in tomato plants 
fed with nitrate and ammonia. 

(% N of froHh mattor. Quotcd from Tiedjkns 1934). 

Root^ with i Storiw with ' Leavcs with \ 

Nitrogon fractiou . — - .j . -; 

nitrate | ammonia j nitrate , ammonia j nitrate ! ammonia I 


I I , ' ' 

i Total organic N . 0.122 ; 0.J75 O.llO . O.IC.^J O.604 0.642 

, Protoin-N . 0.086 0.110 0.073 0.092 ! 0.506 ! 0.526 

I Humin-N . O.oor» ' 0.oo4 0.004 0.005 I 0.003 I O.ooö 

; a-amino-N . O.OlO 0.0,39 0.022 0.038 | 0.044 | 0.054 

: Ami(l-N . 0.008 i 0.0I3 0.002 i 0.012 j 0.0Ll j 0.019 


Plants fed with ammonia contain a higher content of organic 
nitrogen than nitrate plants owing to the well known fact that the 
excess of absorbed ammonia is bound as asparagin or glutamin, 
whereas nitrate is accumulated in the inorganic State. The diffc- 
rence in composition of nitrate and ammonia plants in one typical 
(iase is exemplified in Table 3. All fractions of organic. N are more 
abundantly represented in the ammonia plants, the relatively largest 
increase falls on the contents of amide and a-amino N owing to the 
production of soluble amino-acid-amides. This is the rule, but it is 
not without exceptions. Gaertner (1937) has given an example 
showing that the quotient between protein and soluble N rnay be 
higher in ammonia than in nitrate plants. This is mentioned only 
to illustrate that a mere study of the forms of organic N does not 
reveal anything of the course of the assimilation. 

It is more elucidating to study the inorganic interrnediate products, 
which may be passed in the course of the reduction of nitrate. A 
coUocation of them has been made in Table 4, which also shows the 
number of H-atoms necessary for the reductive amination of a keto- 
acid to the corresponding amino acid. 

With increasing reduction the charge of tho radicle changes from 
the strongly negative NOa-ion o ver the weakly negative NO and 
the weakly positive HONHs-radicle to the more strongly positive 
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Table 4. Inorganic oxidation levéls of nitrogen, which the 
reduction of nitrate may pass. 


C 0 m j) 

0 u n d 

Number of H-atoms 
iiecessary for the 
reduction witli 
RCO.COOH 
to KC.NHjj.COOH 

Nitric acid 

HONO, ...! 

-f 10 H 

Nitrous acid 

HONO .... i 

f 8H 

Hyponitrous acid (HON)jj ...J 

-1 6H 

Hydroxylamin 

HONH 2 ... 

+ 4H 

Ammonia 

HNHa . . . 

f 2H 

(to amino N 

RCNH 2 )... 



'NHg-ion. SiiKie it is little possible that tlie nitrate ion itself is directly 
assimilated, tliat is to say transf ormed in to the conneetion =C-N=, 
one or mon^ of these inorganic levels must be passed before the assi¬ 
milation of the nitrogen.i It is thus important t.o investigate which 
forms of inorganic* nitrogen ca-n be traced as intermediate products 
of the assimilation. 


a. Nitrous acid. 

Incontrov^ertibly to demonstratc nitrite as a regular interrn(*diate 
product in the reduction of nitrate meets with certain difficulties. 
Ill the first place, the nitrous acid is very rcactive, not only so that it 
is rapidly consumed in the further reduction process, but it is on the 
whole not stable within the cytoplasm, especially not at an acid 
reactioii and consequently low dissociation of the acid. TINOg then 
reaets with arnino groups a(?(*ording to the formula: 

HHO2 + ROHH2- KCOH + HgO + :n 2 , 

so that the nitrogen escapes as gaseous Hg, or simply with ammonia: 

HHOg f HN3 -- H2 + 2IT2O 
with the same result. 

These reactions take place spontaneously in the plant^ and have 
of course no bearing on the biological assimilation. It is thus impro- 

^ Other ways of nitrate reduction discuased in earlier literature, e.g. over HCN. 
liavo only a thooretical interest, »inco they are not supported by any physiological 
data, but entirely founded on purely Chemical considerations. 

2 Pearsall and Billimohia 1937, Mothes 1938. The rate of the reaction 
depends upon the concentration of undissociated HNOj. The dissociation constant 
amounts to 4.5 • ]0~4, henee at a pH of 3 69 %, pH 4 18 %, and pH 5 2 % of the 
nitrite is present as undissociated acid. Since the cytoplasm has a pH of 3 to 5 
the reaction always ought to proceed at a measurable rate. 
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bable that nitrite will accumulate in appreciable amounts in the 
cells. 

In the second place, aseptical work is demanded, if a production 
of nitrite shall be demonstrated with some degree of accurateness. 
The bacterial reduction of nitrate to nitrite proceeds, under appro- 
priate conditions, at such a rate that in experiments with other 
plants only a trifling infection might be sufficient to promote a for¬ 
mation of nitrite overshadowing an eventual similar action of the 
liost plant. 

A formation of nitrite is thus most easily demonstrated in pure 
cultures of unicellular plants, when the products of the redue.tion, 
as already mentioned, tend to exosmose into the nutrient medium, 
where also the iiitrous acid may be stable. 

The very comrnon nitrite formation by bacteria may either be 
connected with assimilation of nitrate or form the first step of the 
successive dcnitrification. It is always accelerated by anaerobiosis 
and has a pH optimum on the alkaline side, but otherwise very little 
is known of the external and internal faetors regulating the process. 

With Azotobacter nitrite is said to appear as an intermediate of 
the nitrate reduction.^ Kostytschew and Schwetzowa (1926) 
State that it is formed at a deficiency of carbohydrates and only du- 
ring the first days after an application of nitrate, later it disappears 
again. As will be shown below, the same observation has been made 
also with higher plants. That nitrite is produced and excreted by the 
(*arbohydrate-poor plants is interpreted as being due to a hampered 
assimilation, since carbohydrates are necessary for the further uti- 
lization of the products of the reduction. 

Kostytschew and Tswetkowa (1920) have shown that nitrite is 
formed by Aftpergillus and Mueor under conditions of anaerobiosis 
and in the absenc^e of carbohydrates. Of course the nitrite accumu- 
lates in the substrate, within the hyphae it is not stable. Somewhat 
other results have been obtained by Klein, Eignek and Muller 
(1926) with Aspergillus, They certainly found nitrite at a lack of 
carbohydrates but only in minute amounts, and the formation at 
anaerobiosis could not be verified. Further the aiithors categori- 
<‘ally claim that »Eine grössere Nitritanhäufung, d. h. etwa schon 10“*’ 
normal, ist erfahrungsgemäss direkt ein Eeagenz auf Infektion». 

With additions of nitrate to the same object Mothes (1938) 
obtained losses of ni trogen, probably due to a formation of N 2 from 
nitrite; the observation is of special interest as denoting an interme¬ 
diate formation of nitrite, even though it does not appear in the free 
State. 

As mentioned bacteria and fungi are convenient objects for a stud> 
of the nitrite formation, partly because they are easily obtained in 


1 Itako and Arakawa 1932, Aso, Mioita and Ihda 1939. 



28 


Hans Burström 


pure cultures and partly because they are inclined to excrete their 
metabolic products. It is also stated beyond doubt that tliose plants 
normally form nitrite in the course of the utilization of nitrate. 

It is more difficult to demonstrate the same with higher plants or 
even with unicellular alf^ae, whieh may also be ^rown in pure eultures 
but do not show the disposition of exosmosis. It must be stressed, 
however, that algae have been rather little studied in this respeet. 

Warbitrg and J^Jegelein (1920) foreed Chlorella to a prodiietion 
of nitrite from nitrate anaerobieally and in the prese.nee of l/lOO-n 
HNO3, under whieh eoiiditions the e-ells rapidly died. They did not 
regard the nitrite formation as a part of the normal reduction pro- 
eess. Aecording to Sommer (1936 b) green algae may form nitrite 
in miniite amounts in light under normal eonditions, however. Iii 
higher plants nitrite has been deteeted repeatedly, but only in verv 
small ariiounts.^ It is further striking that it only appears irregu- 
larly and under eertain conditions. Partly these are the same as 
with the above-mentioned lower plants. It. is espeeially obvioiis that 
nitrite of ten can be deteeted only af ter an applieation of nitratt», but 
that it. later disappears again.^ 

With <*orn plants Klein and Kisser (1925) foiind nitrite iu the 
nutrient solution under the same eonditions as with Aapergillus niger. 
They emphasize, however, that large amounts of nitrite indieatt* in- 
fection with bacteria of the eultures, whieh are deseribed as being 
absolutely sterile. Ko quantitative data are given, and under 8U(‘Ii 
eireumstances it might be permissible to doubt the ae(uirra(*y of the 
observations. In fully aseptic eultures of liealthy wheat roots do(‘s 
nitrite never appear.^ For this material the above-quoted s(»ntene(» 
by Klein, Eignek, and MtiLLER strieAly holds true. 

Only once a really important formation of nitrite has been <!(»- 
seribed in higher plants. Dittrich (1930) elaims that. etiolated or 
shadowed plants eontain appreeiable quantiti(‘S of nitrite.^ In Harn- 
bucus he found 0.02 %(, nitrite on fresh matter basis ( e. 0.0015 
mmol per g.), in leaves of Vida faba up to 0.02 mmol pe»r g., and in 
roots of eorn the enormous amount of 0.1 mmol nitrite per g fresh 
matter, probably eorresponding to about 1 mmol per g dry rnatter 
(ef. Table 1). In this case the eontent of nitrite was twiee that of 
nitrate.^ 

1 Tho iisually applied reageiicy of Gkikss-Ilosvay permits the detoetion of 
amounts down to 0.04 pg of nitrite-N per g of plant material; soe furlher Bi'u- 
STRÖM 1939 c. 

* In tomato plants (LJckerson 1924) and roots of trees (Niohtinoai.k 1935) 
it was found 36 h. after the addition but had disappearod again already after 48 h. 

« Burström 1939 a, c.— LuNDEGÄRmi (1944) in one case reports an exudation 
of nitrite from aseptic, autolyzing roots at a pH of 3, probably a necrobiotic pho- 
nomenon; cf. chapter 2. 

^ Cf. Anderson 1924, who found also small amounts of nitrite in such plants. 

® These results are scarcely above criticism. The Vida plants were grown 
on garden soil, concerning the corn plants no data are given as to the cultural 
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The cause of this detailed record of the statements by Ditteioh 
is that they, though interesting, are explicitly contradicted by the 
experiences of others. Meviiis and Dikushar (1930) emphasize 
that nitrite is never accunmlated, not even in plants fed with nitrite. 
It is obviously to easily destroyed. In roots of wheat, which are 
j)hysiologically similar to the eorn roots, nitrite can be traced after 
an external applioation, but only in amoiints of 0.0001 mmol per g 
of fresh matter. 

Most interest deserves the statement by Mothes (1938) as to losses 
of nitrogen by formation of elementary Ng. Following a supply of 
nitrite losses of Ng oceur in both fungi and higher plants, as weU as 
in fungi after an application of nitrate, but not in higher plants in 
siieh a case. This can only indieate that free nitrous acid is not 
formed. Mothes explains the lacking Ng-formation by the assump- 
tion tliat the nitrite stage is passed so rapidly that the nitrous acid 
does not find time to react vith NHg-groups. If, however, free ni- 
trous acid would be transitorily formed from all the assimilated ni« 
trati» it must find chances of colliding with the omnipresent amino- 
groups as well as of being attacked by the nitrite assimilating system, 
irrespective of the rate of formation and assimilation of nitrite. It 
is obvious, on the other hand, that small ainounts of nitrite are often 
produced, and the fact that it appears under nearly the same con- 
ditions as nitrite in fungi indicates that it is formed in an equal man- 
ner, that is to say as an intcrmediate product of the nitrate assimi¬ 
lation. Further the reduetion of nitrate can hardly pass any other 
way than over nitrite. 

In order to explain this contradietion it is necessary to consider 
in whi(*h form the electrolytes are present in the cytoplasm. — The 
colloidal (‘onstituents of the cytoplasm, protein and lipoids, contain 
abundantly heteropolar, positively or negatively charged parts. 
Already during the absorption of the ions from the nutrient medium 
an- and cations are bound to oppositely charged spots of the cyto- 
plasrn — they are adsorbed. It is on the whole improbable that free, 
that is to say freely diffusable, electrolytes can to any degree exist 
in the cytopiasrn, the ions must be fixod by adsorption to the cyto¬ 
plasm. Thus also the nitrate ions, attacked by the nitrate reducing 
systems, are more or less firmly bound to plasm constituents. The 
nitrite ions or molecules of nitrous acid intermediarily formed do not 
Tiiove around freely in the cytoplasm, possibly to be attacked by 

f*ondition8 and apparently no attompts wero made to keep the cultures apeptic, 
becauso of which the origin of the nitrite in any case is imcertain. The deter- 
ininations of nitrite were carried out as differential analyses between the sum 
(NOa + N02)-N and only nitrate N; in cortain instances — which are not 
recordod — the former value was determinod colorimetrically, the latter volume- 
trically, a thoroughly inappropriato method considering the errors always involved 
in thcse analyses. 
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nitrite reduciii^ systems or to react with amino groups, bnt tbe whole 
sequence of reactions ought to take place with the nitrogen atom 
bound to some idasm colloid, and both the nitrate and the nitrite 
groups are thiis proteeted against by-reaetions. 

Schematically it may be written: 

-NO3 

^ ( 1 ) 
pz.-]sro 2 —NO 2 or imo 2 

bound freely diffusable 

Fl. denotes some eytoplasm constituent, to whieh the nitrate is 
attaehed. The adsorbed nitrate and nitrite groups ought to stand in 
some equilibrium with free ions or aeid rnolecules of the eytoplasm 
solutioii, the concentration of whieh must be low, irrespeetive of 
the nature of the connection between anion and (»olloid. Thus it 
would be more correet to say that the reduction passes the oxidation 
level of nitrite, than that it passes free nitrite or nitrous aeid. 

Tn favour of this view argues not only that it tallies with the pro- 
bable pieture of the State of the eleetrolytes within the eytoplasm, 
but also some other observations. Tn aseptical preparations of wheat 
roots the assimilation of nitrate ean proceed under conditions, whieh 
do not permit an assimilation of nitrite (BimsTRÖivf 1939 c). Tliis 
would be inexplicable if nitrate is reduced to free nitrite. The above- 
mentioned result of Mothes are also easily explained by the assump- 
tion that the nitrite is anehored on the eytoplasm and that the num- 
ber of nitrite rnolecules moving freely around and having a ehanee 
of being drawn into by-reactions is so small that the reaetion with 
-KHg does not proceed at a measurable rate. The equilibrium 

Pl-mh --- HNO 2 (2) 

is almost fully shifted towards the left. 

The occasional appearance of nitrite then means that the equi- 
librium is more or less shifted to the right side, so that free nitrous 
acid is formed, dissociated according to the prevailing pH. That 
is to say that nitrite may leak out from the assimilatory system. In 
the studied bacteria and fungi this always seems to be the case, the 
concentration of free nitrous acid then becomes so high that an exos- 
inosis easily takes place, and a reaetion with amino-groups normally 
oceurs. 

Having shown that large amounts of nitrite are formed from ni¬ 
trate by fungi, Kostytschbw and Tswetkowa (1920) also emphasize 
that the growth on nitrate — whieh may approximately follow the 
assimilation — is much more rapid than that on nitrite. If there 
first was formed nitrite from the nitrate and then the latter assimi- 
lated, it is difficult to understand why nitrate should be utilized more 
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easily than nitrite.^ If on the other hand free nitrite only constitutes 
a by-product and the eqnilibrium (2) is shifted to the right, added ni¬ 
trite can be assimilated only slowly, but this does not detract from 
the capacity of the system to assimilate added nitrate. 


b. Hyponiirous acid. 

Hyponitrous acid — (NOH )2 — or the free nitrosyl group — 
NOII — is very instable, and it is rather difficult to demonstrate it 
in inorganic salts within the plant. As an intermodiate product in 
the reduction of nitrate it has a certain theoretical interest, however. 
According to a theory outlined by Baubisch (1923) nitrite is reduced 
to nitrosyl, which is assimilated by a combination with formol. It 
has not been clearly shown that such a mechanism can not occur, 
but there are no definite proofs of a formation of nitrosyl in the course 
of the assimilation of nitrate. An indirect indication will be men- 
tioned under the next heading.^ At anaerobiosis Escherichia coli 
forms nitrite, hyponitrous acid, hydroxylamine, and finally ammonia 
from nitrate (Aubel 1938) but it is not clear if it is a case of denitri- 
fication or nitrate reduction. 


c. Hydroxylamin. 

The opinion that the reduction of nitrate passes over hydroxyla¬ 
min derives from V. Meyer. Later this has been shown to appear 
in cultures of different bacteria®, where it is formed as an intermediate 
product of the oxidation of ammonia to nitrite (cf. hyponitrite above) 
and also during the denitrification. Kostytschew and Tswetkowa 
(1920) could not find it in cultures of fungi, nor does it appear in 
aseptical extracts of roots (Burström 1939 c). Of course, this does 
not pro ve that it is not formed. According to Ludwig (1938) Chlo- 
rélla can utilize nitrate-, nitrite-, ammonia-, purine-, and amino-nitro- 
gen but not hydroxylamin. Since the tests were negative both at an 
acid and an alkaline reaction it seems out of the question that the 
failure should depend upon an unfavourable reaction caused by the 
hydrolysis of the hydroxylamin salt, but direct toxic actions must 
be considered. 

^ It is true that toxic actions of nitrite must be considered, but the fungi in 
question subsequently reduce and assimilate the nitrite, why only poisoning cannot 
explain the slow utilization. 

* In the bacterial oxidation of ammonia hyponitrous acid a« well as hydroxyla¬ 
min are formed according to Cobbet (193Ö), but this does not necessarily imply 
that the reverse reaction is realized in the nitrate assimilation. 

* Blom 1931, Lindsby and Rhinbs 1932, Aso, Migita and Ihda 1939. 
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Steinberg (1939) assumes that positive tests of liydroxylamiii 
mif^ht be due to the presence of nitroliydroxylamin, whieh was found 
to be a good sour(‘e of nitrogen for Aspergillus, whereas both hydroxy- 
lamin, nitrous and hyponitrous acids were inferior or iiseless. 

Positive evidenees as to the oecurrenee of hydroxylamiri are for¬ 
warded by Lemoigne and alJ, who found it- in different leaves, where 
it is said to arise througli the reduction of nitrite. Unfortunately no 
details or quantitative data are recorded. The authors make the 
interesting staternent, however, that it can be deteeted only after 
hydrolysis; nornially it oecurs in some compound eondition. It is 
known, however, that liydroxylamiii is easily liberated from hydroxa- 
inie acids through an acid hydrolysis (cf. Blom 1926). 

B » C - OII + HaO ^ K - C - OH I TT 2 NOH 

I Ii 

O 


>Jow hydroxami(* acid is said to arise either from nitrite and for- 
mol after subsequent reduction (Baly, Heilbron and Hudson 1922) 
or from free nitrosyl groups reacting with formol (cf. above). The 
observations by Lemoigne show that- nitrogen of the oxidation level 
of hydroxylamin is present in leaves, but the fact that it is only li¬ 
berated through hydrolysis eontradicts the opinion that it oi^mrs in 
a true inorganie State. On the c-ontrary, the> results indicate that 
the nitrogcm is bound in organic linkage already on the oxidation le- 
vels of nitrous or hyponitrous acids. One of these should thus re- 
present the final inorganie intermediate produet in the reduction of 
nitrate by the leaves. Logically a reservation must be made for t-he 
formation of hydroxylamin as a produet of oxidation. This seems less 
probable in leaves, however, and Lemoigne explieitly emphasizes 
its formation from added nitrite (1937 b). 

As to green leaves scheme (1) may be thus continued: 


N-assimilation 
N in organic linkage 


i 

P/.-NO 2 - ^ NOo or HNOo 

I 

(PZ.-NOH?) 

I 

K-C-NOH 


( 3 ) 


It is also rather certain that hydroxylamin is formed as an inter- 
inediate produet in the baeterial reduction of nitrate to ammonia 
(Aijbel 1938, Korsakova 1941). 


1 Lkmoione, Mongiullon and Desveaxtx 1937 a, b. 
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Ammonia is regularly found in aU plants, even without an cxternal 
application. The content varies very much, usually the amounts 
ionnd are rather small, however. Undoubtodly it is always partly 
formed by proteolysis and deamination. The eontent especially 
increases at a lack of carbohydrates, for example in etiolated plants 
owing to a hampered assimilation of carbon dioxide. Detailed investi- 
^ations of this phenomenon liave been carried out by Pbianisch- 
jsiKOW (1933, 1934) and Iwanova (1935), who emphasize that under 
the mentioned conditions ammonia is formed directly in the normal 
riMluction of nitrate, and if the assimilation is checked, the ammonia 
is ^dven off to the nutrient medium even from healthy roots. This 
is especially the case in acid media, and the exosmosis of ammonia is 
(‘ompared with the acidosis of animals, involving an inhibited for¬ 
mation of urea. This opinion has been criticized by Meviuö and 
Engel^, however, who regard the excretion of ammonia as a wholly 
necrobiotic reaction. Engel further claims that the ample formation 
of ammonia in acid media is mostly caused by the action of bacteria 
and is not at all related to the reduction of nitrate by the etiolated 
liost plant. As to this still unsettled controversy see further Pbia- 
J^ISOHNTKOW (1938). 

The rnetabolism of ammonia in the plant is fairly well known.^ 
In the synthesis of protein oxalo-acetic acid or a-keto-glutaric acid 
are aminated to aspartic and glutaminic acids respectively, from 
which by reamination other amino-acids and further peptids and 
protein arise. In the proteolysis amino acids are formed, which by 
deamination produce ammonia. This is a closed cycle, in which the 
different phases aro in some mutual equilibrium. That synthesis 
of protein and proteolysis proceed simultaneously has been clearly 
shown in experiments with the nitrogen isotope a considerable 
synthesis of protein and other organic nitrogen eompounds takes 
place even in mature organs without any increase in the total aniount 
of protein.® Thus it is difficult, as a principle to settle the true origin 
of ammonia in small amounts appearing in plants, even if these 
increase after an application of nitrate. 

In some cases, however, it has been possible, incontrovertibly to 
demonstrate a production of ammonia, directly connected with a 
reduction of nitrate or nitrite. 

With Ghlorella Warburg and Negblein (1920) obtaincd a pro¬ 
duction of ammonia increasing until 3 to 5 hours after an applica¬ 
tion of nitrate. However, it did in reality only occur under very 

' Mevius 1928, Mbvius and Engel 1929, Engel 1937. 

^ See Chibnall 1939, Mothbs 1940. 

® VicKBBY, PucHBR, ScHOBNHEiMEB and Rittenberg 1939, Hevesy, Linde- 
ström-Lang and Olsen 1940. See further Chibnall 1939. 

3— 45441 Kunyl. Lantbi^ikfthögskolans Annaler. Vol. 13 
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extreme conditions: in a nutrient medium consistin^? of n /10 NaNO» 
and n/100 HNO 3 . The viability of the eells must be rather lowered 
owin^? to the unfavourable reaetion of this mixtiire, and th(dr duratioii 
of life is rather short. With culture media of the same composition 
a formation of ammonia was observed also in roots of corn and in 
Anpergillus,^ As already mentioned an anaerobici formation of ni- 
trite on the same substrate was interpreted by Wakbttro and Ne- 
GELEIN as a neerobiotie. phenornenon. In the mentioned papers no 
determinations were made of the amoimts of nitrate consumed. 
Statements as to this question are found in experiments by Smirnow 
and Erygin (1926) with Vida sativa jdants poor in carbohydrates 
and forming ammonia from nitrite in amounts exceedinj? 90 % of 
the consumed nitrite. Sinee sirnultaneously the decrease in or^anie 
nitrogen eorresponded to only 20 of the formed ammonia, tln» 
results indicate that the nitrate is redu(*.ed to iimmonia. 

Bacteria and fungi readily form ammonia, and thoup:h we hav(‘ 
no quantitative data of the relation between (*>onsumed nitrate and 
prodiiced ammonia, there is no doubt that the oxidised forms of 
nitroffen serve as sources of the ammonia. 

At a lack of carbohydrates Azotobacter forrns ammonia from both 
nitrate and nitrite; the formation from nitrate may be rather small 
but eonsiderably greater from nitrite.^ Itako and Arakava (1939) 
could not find any production of ammonia, however, but only of 
nitrite from nitrate. Also ActinomyeeteH form rapidly nitrite but 
scarcely ammonia in the reduction of nitrate (Fot^sek 1912, Waks- 
MAN 1920). With Aspergillus and Mueor Kostytschew and Tswet- 
KOWA (1920) succeded in distinguishing the proteolytieal ammonia 
production in old starving plants from that by reduction of nitrite 
in younger ones, which takes place even with an excess of carbohy¬ 
drates. 

This is the only investigation in which such a distinction has been 
carried through, and the results are thus of great interest. They 
imply that in those cases in whicli a formation of ammonia presum- 
ably from nitrate is recorded only under conditions of carbohy- 
drate starvatiori, proteolysis has not been excluded, and that at 
least part of the ammonia must be of proteolytieal origin. That a t 
least the mentioned fungi really reduce nitrate down to ammonia is 
shown beyond doubt, however. 

The statemcnts of the literature rather unanimously show that in 
bacteria especially nitrite is easily reduced to ammonia. Kostyt- 
SCHEW and Aso (loc. cit.) further agree on the point that nitrite is 
almost quantitatively reduced to ammonia, which is given off to 
the nutrient medium; only subsequently the ammonia is absorbed 
again and assirnilated. The reduction of nitrite proceeds so rapidly 

1 Klkin and Kisser 1925, Keein, Eioneb, and MIjller 1929. 

* Kostytschew and Schwetzowa 1926, Aso, Mioita, and Ihda 1939. 
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that tlie assimilation is left behind. As a consequence the ^jrowtli 
is rather slow with nitrite, according to Aso obviously slower thaii 
with ammonia. The inconsistcncy is conspicuous: ammonia formed 
from nitrite is excreted to the substrate and assimilated slower than 
ammonia directly added to the substrate. It is obvious that these 
plants reduce nitrate to nitrite and the latter to ammonia, but the 
eoimection between the different st^eps is not quite (‘lear. 

It is then pertinent to refcr to the assumption already made, that 
the nitrogen atom during the suceessive reduction is bound to some 
cytoplasm (‘onstituent and thus protected against side-reactions. If, 
however, the cytoplasm by direct applications recieves an excess of 
free nitrite or nitrous aeid it seems possible that this may be drawii 
into reac.tions other than the normal reduction process. One such 
by-rea(‘tion is the above-mentioned reaetion with amino-nitrogen to 
gaseous N 2 , another might be the rapid reduction to ammonia. 

Of coursc, this does not imply that the normal assimilation does 
not pass the ammonia stage, which it undoubtedly does in the men- 
tioned unicellular plants, in which ammonia appears under prin- 
cipally the same conditions as nitrite, that is as a product of the re- 
ductioii of nitrate. 

As to bacteria and fungi, and perhaps roots, schenie (2) inay be 
thus continued: 

iV.~NO:i- ^NO;, 

Pi.-NO. ^ - NO 2 or HNO 2 

Hedu(*tion pj ■>>, 

P;.-Pl2NOH ? 

l i 

- NHs 

Assimilation i ^ 

N in organic likage 1 11 ~ (' - NH 2 

lii liigher plants, especially in leaves, it is raore difficult to demon- 
stråte a primary formation of ammonia, for reasons already men- 
tioned. Mevixts and Engel (1929) found a formation of asparagine 
following an application of nitrate, which was taken as a proof of an 
intermcdiary formation of ammonia. In view of the later known 
central position of aspartic acid in both primary and secondary trans- 
formations of nitrogen the conclusions are hardly neeessary. AS 
to whcat leaves there are reasons to assume that ammonia is not 
formed as an intermcdiary product (Burström 1943 a). The assi¬ 
milation of nitrate is connected with the photosynthesis but not that 
of ammonia, which proceeds at the expense of stored sugars in dark- 
ness. If the photosynthesis is lowered by decreasing the carbon 
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dioxide content of the air but the leaves are still illuminated, the 
assimilation of nitrate is correspondin^^ly reduced. This result is 
inconsistent witli the assumption that nitrate is intermediarily re¬ 
duced to ammonia before the assimilation. 

Even if it has been clearly shown that in fungi and similar carbon 
heterotrophic plants the reduction of nitrate passes the inorganie 
oxidation levels of both nitrite and ammonia, it would be premature 
to generalize this result, considering the restricted experience of 
other objects and the eontradictory results with green leaves. The 
theories advanced as to a connection of the nitrate assimilation 
with the photosynthesis do not count with a reduction down to amino- 
nia (ef. chapter 9). The above quoted observations of the oeeurrence 
of hydroxylamin have also led to the conelusion that the nitrogen is 
assimilated before it has reached this oxidation level, and thus ammo¬ 
nia can not appear as an inorganie intermediate product. It is ne- 
cessary to assuine that in one type of plants, represented by fungi 
and perhaps roots, nitrate is reduced inorganically down to ammonia, 
but in anotlier represented by green leaves, it is assimilated already 
on the nitrite or hyponitrite levels. 


0. Enzyme chemistry of the reduction. 

The reduction of nitrate and the assimilation of the prodmds of 
the reduction imply a series of endothermal reactions. This of (‘ourse 
holds true irrespective of whether the reduction stops at an earlier 
or later inorganie level, 

The free energy of the two steps of reduction, nitrate to nitrite 
and nitrite to ammonia, at 1-n concentrations, pH 4, and the Og 
tension of 1/5 atm., amounts to: 

+ NO 3 = + V 2 O 2 - 18200 cal. ( 5 ) 

HNO 2 + 11+ + n20 ^ \ + 3/2 0 > - 55200 cal., (6) 

and of the complete reduction of nitrate to ammonia to: 

^03 + II 2 O 2 H+ - + 2 O 2 - 73400 cal. (7) 

Corrcctions for the dissociation of the nitrous acid, if nitrite ions are 
regarded as intermediates, of course affeet the forrnulae (5) and (0). 
FinaUy the free energy of an amination — that of pyruvic acid to 
alanin — has been computed to - 31 000 cal.i 
The redox-potentials of the above quoted reduetions of nitric and 
nitrous acids, experimentaUy determined by Pick (1920), amount 
to -0.935 V for nitric and -0.86 V for nitrous acid at pH 0 and 
-0.01 resp. + 0.16 V at pH 14. ^ 

1 By Blaschko, aocording to Oppknheimbb 1933. 
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Öome facts are further worth mentioning. Considering the high 
oxidation potential and the relatively little work necessary for the 
reduction of nitrate to nitrite according to (5), this step ought to 
proceed rather easily, and the possibility of a nitrite formation in 
by-reactions without connection with the normal reduction would 
be correspondingly great. The affinities of both reductions increase 
with increasing H-ion concentration. On the other hand all expe- 
rience indicates that the reduction of nitrate has an optimum at a 
j)H slightly above 7 (cf. below). 

Nevertheless the opinion is met with that the reduction should 
simply be rcgulated by the redox-potential of the cell.^ Robbins 
advanced the hypothesis that the difference bctween nitrogen, ni¬ 
trate, and ammonia organisms might only depend upon their re¬ 
dox-potentials, which ought to be highest in the first case and lowest 
in the ammonia plants, not being able to assimilate nitrate, but 
experiments failed to verify the hypothesis. Robbins could not 
affect the assimilation by adding reducing agencies (dyes), and 
iTZEROTT, in a study on the effect of ascorbic acid and the oxidizing 
inethylene blue, presumably arrived at the same result.^ Lemoigne 
and al.® assume, on the contrary, that ascorbic acid takes part in the 
reduction of nitrites. 

Apparently the problem is not so simple as that, but the various 
stages of the assimilation of nitrate are regulated by specific enzy- 
rnes. 8everal tests have also been made from plants to isolate ni¬ 
trate reducing systems, but the results are rather ineagre and con- 
troversial. 

From animal objects well defined systems reducing nitrate to 
nitrite have been prepared, e. g. the Bchardinger enzyme from milk. 
Bince the objects lack the power of assimilating nitrate, the biolo- 
gical importance of the phenomenon is dubious, especially as it has 
never been shown that the same system also occurs in plants. 

Systems prepared from plants can be divided into two groups: 
heat stable and heat instable ones. The first group, which does not 
comprise enzymes, has played the most prominent röle in the dis- 
cussion of this problem and must thus be dealt with at some length. 

As types of this kind of nitrate reducing systems there niay be 
chosen those of Anderson (1924) and Eckerson (1924). 

Anderson tested water extracts of several plants as to their 
ability to form nitrite from nitrate and found that they contain a sub- 
stance which at 45° C and in the presence of aldehydes reduces ni¬ 
trate. As regards the conditions necessary for the reaction, he as- 
sumes that this lacks physiological importance. Eckerson, obtai- 

’ Tottingham and Lease 1934, Itzbbott 1936, Robbins 1937. 

* Strictly Itzerott did not study the assimilation of nitrate but only its ab- 
sorption from the nutrient medium. 

* Lemoigne, Mongoillon and Desveattx 1937 b. 
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nin^? similar results, ascribes to the substanc^e quite another impor- 
tance, howevor. 

Preparations are made by Eckerhon i. a. in the followiii^^ way. 
Water extraets from plants are preeipitated by 95 % ethanol, the 
precipitation dissolved in water, purified by repeated precipitations, 
and finally dried. With additions of sugar and toluene at pH 7.2 
and 50 C this heat stable preparation reduces nitrate to nitrite. 
In EcKERh;oN’8 experiments tlie formation of nitrite was very small, 
however: 1 g of dry preparation under optimal conditions af ter 20 h. 
had delivered at tiie most 4.3 mg of nitrite from 1200 mg of nitrate. 
The substantie was called »reduease», though it can not be an enzyme^ 
and was supposed generally to regulate the assimilation of nitrate. 

Tn favour of the latter opinion reference is made to a parallelisrn 
between the reduetion m vitro and in vivo, firstly at a laek of other 
mineral nulrients than nitrogen, e. g. sulfur, secondly in the scaso- 
nal variations. 2 On the other hand Nigiitincjale (1934) also records 
that in on(^ ease the reduease action is absent in extraets from a 
plant, whi(‘h neverl heless assimilates nitrate. This is explained by 
the assumption that the reduease is instantly eonsurned in the re¬ 
duetion process as soon as it is formed, but then every kind of re- 
lationship between reduetion in vivo and in vitro — positive or ne¬ 
gative — ean be taken as a proof of a (‘ausal eonneetion. Almost 
negative results were obtained by Sommer (1930 a), who found ni¬ 
trite in irregular amounts, espeeially if the reaetion mixtures were 
infeeted by baeterias after that the added toluene had disappeared.’ 

Preparations developed by Klein and Kisser (1925) from corn 
roots and nutrient Solutions tally in all essentials with those of 
Eckerson. a heat-stable reduetion is also reeorded by LoEHWiN(i 
(1927). 

^ It iH (lifficult to granp the opinion t>f the authoross on thiH point. The tenn 
»redueaHe>> ou^ht to denote a eatalyst, but usually it is diKCiissed as being a re- 
(iiicing substanee, which is itöolf eonsuinod in the reduetion of nitrate, and this is 
said to be rcgulated by tho formation of reduease, not the eontent within the 
yilant. Jn any ease the terminology is improper. Andkrson ealled his substanee 
»atite». — A detaii of the method of Ki kkuson, on whieh she lays speeial stress 
aeeording to a private eoininunieation, is that the tests must neoivssarily be earried 
out in open .50 rnl fläsks with 10 ml of reageneies. In (‘losed flasks the supply of 
(>2 — 40 ml of air — is supposed to bo insuffieient for the aerobie reaetion. Of 
eourse, this is a m(*thodieal weakness, espeeially as the reaetion mixtures are alka> 
line, and the time of reaetion rather long. Adaptation of larger, elosed flasks ought 
to give the same and moro reliable results. 

* Eckebson 1931 a, b, NicmTiNOAnE and Blake 1934. Furthor the authors 
repeatedly i‘ofer to statoments in a novor published eommunieation by Eckerson. 

® Other results quoted above (p. 24) indicate tho moffoetivity of toluene in 
preventing a baeterial nitrite formation. — Sommek’s results havo been oritieized 
hy Nightingale (1937), who elaims that she had not eontrollod the pH of the 
mixtures after but only bf^foro the tosts. — Even if the alkaline reaetion had 
gradually ehanged from the initial optimal pH valuo during the eourse of the 
tests, nitrite should anyhow have appeared to some extont. 
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It is obvious that plants may contain heat-stable, organic or in- 
organic substances insoluble in ethanol, which promote a reduction 
of nitrate to nitrite. It has not been convincingly demonstrated, how- 
ever, that they take part in the normal reduction process, firstly 
because they do not appear generally in nitrate assimilating organs, 
and secondly because the action is only obtained at high tempera- 
ture and in the presence of strongly reducing substances, e, g. in 
alkaline Solutions of sugars or aldehydes. The high oxidation po¬ 
tentials of both nitrate and nitrite make a critical judgement of 
reactions in such systems necessary. 

Heat-instable preparations have also been obtained from both 
liigher and lower plants. Dittrich (1930) has shown that expressed 
juice of plants reduces nitrate to nitrite and also consumes the ni¬ 
trite in antiseptic tests without additions of reducing substances. 
iTZKROTT (1936) obtained a consumption of nitrate in vitro in Solutions 
from Aspergillus cultures, raore rapid at pH 7.5 than at pH 3. The 
reduction always ceased when (‘xactly 10 % of the added nitrate had 
<lisai)peared, howcver. 

It is pertinent to mention in this connection also an aldehyde de- 
hydrase, isolated from potato tissue by Michlin (1928) and Mich- 
LixN and JSevertn (1931), to which nitrate may serve as a hy drogen 
a(*ceptor. — Apparently it is insufficient only to obtain a reaction 
of this simple kind in an artificial or semi-artificial system to prove 
its biologic-al importance, but some indications must also be given 
of its identity with or at least similarity in some respects with the 
reaction of intact organs. 

In wheat roots the consumption of nitrate is not inhibited by me- 
chanical grinding of the tissue under asex)tical conditions (Burström 
1939 c); nitrite is not formed, however. The nitrate assimilation of 
the pulp lias an ox)timum at pll 7.3—7.5, whicjh observation tallies 
with those of Eckerson and Dittrich. The reaction is promoted by 
oxygen, whereas the one studied by Dittrich takes x)lace anaero- 
bically. 

8 ummarily, the assimilation of nitrate of liigher plants, or at least 
the reduction of nitrate, will continue in expressed juice or cautiously 
prcpared extracts or pulps of the tissues. The heat-instability of the 
preparations indicate enzyme reactions; an optimum at pH 7,3— 
7.5 has been found rather unanimously. As far as attempts have 
been made further to isolate or purificate the active agencies, they 
Imve failed, however. It is thus premature to label these with names 
denoting specific enzymes. 

One possible cause of the difficulty involved in the identification 
of the active systems must be emphasized. There are reasons to 
assume that in wheat roots the assimilation is connected with an 
Mn-containing system, situated on the surface of the cytoplasrn 
(see ehapter 7), and also with other objects the process has been lo- 
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calized to the surface of the organs, as was mentioned above. The 
structure of the cytoplasm is very lable, however; special attention 
deserves the surface potential, which is supposed to be of decisive 
iraportance for redox-reactions and must instantly be destroyed with 
every infringeraent disturbing the colloidal structure (see Ltjnde- 
OÅEDH 1940). All reactions depending upon the potential and other 
properties of the cytoplasm surface — and to these reactions also 
the nitrate reduction of roots may belong — are thus intimately 
bound to the normal organisation of the cytoplasm, and atteinpts 
with common Chemical encroachments to separate some active prin- 
(‘iple from the surface layer are destined to fail. 

Enzyme studies on bacteria have been more succesful. From 
Bacillus coli and Bacterium pyoeyaneum Yamagata (1940) deve- 
loped very active enzyme Solutions redu(*ing nitrate to nitrite by 
autolyzing the cells with NaF. The preparations (*-ould be further 
eonceiitrated by precipitation with ammoniumsulfate at pH 7, 
filtering, dissolving of the residue in a phosphate buffer of pH 
7.5, and dialysis.^ 

Nitrate reduetase from Bae, coli acts as follows: 

NO 3 ^ middle acceptor-- IT-donator. 

nitrate- dehydrase- 

reductase Hystem 

As an acceptor methylen blue was applied, and as dehydrase an 
alcohole dehydrase from turnip. Xitrate is then quantitatively 
reduced to nitrite after a linear time-curve. As to the reduetase from 
Bact. pyocyaneum the same dehydrase system was used, but also 
photoactivated koji acid and methylen blue. With pyocyaneum re¬ 
duetase not only nitrite is obtained, but this is also reduced further. 
Thus Yamagata assumes the presence of a nitrite reduetase in tliis 
preparation, acting analogically with the nitrate reduetase. 

Both baeterias assimilate nitrate for synthetical purposes, and 
really also denitrify according to the formulas: 

24 HNO3 + ö CeHiaOe - 12 + 30 COg + 42 HgO, and 

24 HNO 2 + 3 CeHiaOe = 12 Hg + 18 COg + 30 H^O. 

From both nitrate and nitrite there is a quantitative formation 
of Hg. The former reaetion is strongly retarded by lICH, the lat- 
ter only weakly. A corresponding difference is found in the sensi- 
bility of the two reduetases towards HCH, why it is obvious that the 
enzymes take part in the denitrification. 

Yamagata assumes that the start phase of the assimilation is 
promoted by the same enzymes and that some intermediary reduc- 

J Of. the »nitratafl» by Quastel, Stephenson, and Wketham (1925) prepared 
from Bac, coli. 
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tion product of the nitrite is assimilated, though she could not de- 
cide which. As far as the denitrifying system operates under condi- 
tions permitting an assimilation of nitrate such a connection is al¬ 
most self-evident: the cells must be able to assimilate the interme- 
diate products of the denitrification as well as other more or less 
reduced forms of nitrogen produced by other systems. Whether the 
denitrifying system is the only one reducing nitrate, is not clear. 
The denitrification is a strictly anaerobic process, but nitrate is 
easily assimilated also under aerobic conditions, and, as mentioned, 
in other objects the assimilation is even accelerated by oxygen.^ 
Under which conditions the bacterias assimilate nitrate is unknown. 

The adaptation to facultative denitrification at anaerobiosis has 
becn studied by van Olden (1940), who claims that the denitrifica¬ 
tion may go from nitrate to Ng without the appearanco of any inor- 
ganic intermediate products in the free stage, and without inter- 
ference with the assimilation. The former is contradicted by the 
elaborate preparative studies by Yamagata, clearly demonstrating 
one intermediate stage of the denitrification. It is also obvious that 
distinctly different systems reduce nitrate and nitrite, not only in 
Baci, pyocyaneuM but above all in Bac, coli. This explains why the 
biological reduction in the denitrification might stop on the nitrite 
level, and the further decomposition be carried through inorganically, 
which is supposed to occur; then the denitrifying system is insuffi- 
cient for starting the assimilation process, if not already the nitrite 
is assimilated. Even in bacterias this seems unlikely, however, as 
was emphasized in the preceeding section. In faet, the connection 
between denitrification and nitrate assimilation is too little studied 
to serve as the basis for an enzyme Chemical charaeterization of the 
latter. 

In the assimilation of nitrate according to scheme (3) the nitrogen 
is transformed into organic linkage on the nitrite or hyponitrite le- 
vels. The enzyme chemistry of this process and the subsequent 
reduction of the organic N has not been studied at all, as little as the 
reduction of nitrite to ammonia according to scheme (4). The further 
utilization of ammonia is better understood, but falls beyond the 
seope of this diseussion (seo Chibnall 1939). 


7. Influence of heavy metals on the assimilation. 

Just as in other biological oxido-reduetions heavy metals play a 
prominent röle also in the assimilation of nitrate. Both direct and 
indirect observations support this assumption. 

^ Soe further chapter 9 a. —- The reduction of nitrate by Bac, <^li is noticeably 
bampered even by 0.36 % Og of tho attnosphere acc. to Stickland (1931). 



42 


Hans Burström 


According to Wakburg HON forms a specific inhibitor of sucli 
ferments; it is further usually regarded as a specific reageney of 
systems containiiig Fe. Warbtjrg and Negeletn (1920) showed 
ihat the above-meniioned rednction of nitrate to ammonia by Chlo- 
rella, occurring in strongly acid Solutions, is pronouncedly sensitive 
to HCN. In the concentration of 10"^-n HON deereases the formation 
of ammonia by 95 as a comparison is raentioned that in the same 
concentration HON deereases the assimilation of OOg by only 19 % 
and does not affeet the aerobic respiration at all. Under similar con- 
ditions the formation of nitrite and ammonia is inhibited also in 
Aspergilltis (Klein, Eignek, and Muller 1926). Djttrich (1930) 
States that the rednction of nitrate by expressed juice of turnip 
tissue is inhibited by 10'‘-n HON, without giving any further data, 
however. The aldehyde dehydrase from potato reducing nitrate 
(see Mtculin, p. 39) is poisoned by HON, like Yamagata’8 nitrate 
rediictase, whereas her nitrite reduetase is less sensitive. 

In eonnection with these results it is pertinent to mention that in 
Avheat roots the aerobic respiration is very resistent against HON 
(Lundegåruh and Burströivt 1933) but that the anaerobic produc- 
tion of 00 2 , forming part of the anionic respiration is strongly in- 
flueneed, and hence also the absorption of nitrate from tiie nutrient 
medium. How the redu(‘tion of nitrate within roots behaves in this 
respect has not been investigated. 

This often observed sensibility of the nitrate rednction to H(^N 
is generally taken as a proof of a co-operation of similar Fe-ferments 
as those taking part in the respiration of animal tissues and yeast. 
The eonnection is doubtful, however, since indubit ably th(> mairi part 
of the respiration of higher plants is very little affeeted by HON, 
wherefore the redox-systems partly must fundamentally differ from 
those of the other organisms mentioned. The assumption that Fe 
takes part in the rednction of nitrate is only based on this indirect 
evidence with HON, which aceording to Warburg and Negelein 
as a matter of faet only indicates a co-operation of heavy m(‘tals in 
general, not exclusively of Fe. 

It has been possible in some instances directly to demonstrate the 
action of heavy metals, however. Generally this meets with the ob- 
stacle that plants grown with a lack of heavy metals may show dis- 
turbances of several vital funetions before the nitrate assimilation 
is affeeted, wherefore it is difficnilt to decide if the action on the latter 
is a direct or only an indirect one. Thus Gaertner (1937) found that 
lack of Fe in the first hand affeets the chlorophyll formation, which 
over-shadows all other eventual disturbances, and an inerease in the 
nitrate content at Fe-deficiency, recorded by Eoss (1938), is attri¬ 
buted to a lack of carbohydrates. With Aspergillus neither Itzerott 
(1936) nor Gollmick (1936) found any difference in the action of Fe 
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Table 5. Assimilation of nitrate in wheat roots in the presence 
of manganese and iron, 

NO 3 assimilated p.mol pro 60 planta and 24 h. (From Burström 1939 a.) 
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on nitrate and ammonia eultures, and oqually negative were the ro- 
aiilts with Zn and Ou (cf. Sakamitba 1934). 

In isolated tips of wheat roots the direct aetion of heavy metals 
can be studied, however, sinee the growin^ parts, to which the assi¬ 
milation of nitrate is localized, are easily deprived of heavy metals, 
and defieieney of earbohydrates is over-come by dressing with sugar 
(RiTUSTiiöM 1940). In this material only Mn is able to promote assi¬ 
milation of nitrate at a normal rate. Other heavy metals do not- 
only lack this property — that is the case with Fe, Cu, Zn, Al, Mo, 
Ni, and Co — but already in low eoneentrations they hamper the 
(‘onsumpt ion of nitrate. One exeeption is found, whieh is exemplified 
together with the Mn-aetion in Table 5, that is a distinctly favourable 
aetion of Fe in the absenee of Mn. Together with Mn Fe inhibits the 
assimilation more or less, however. 

The inhibitory aetion is not restrieted to heavy metals, but is 
likewise exeereised by alkali and earth alkali cations, whereas anions 
sueh as OF and H 2 PO 4 do not affeed the assimilation of nitrate. This 
retarding aetion follows the adsorption tendency of the cations to a 
negatively charged eolloid (BuitSTBÖM 1939 c) and inereases with 
inereasing valeiicy and atomic weight, as is shown by Table 6 . This 
may be explained by the assmnption that the assimilation is cata- 
lyzed by Mn-ions, in an unspecific way adsorbed on the surface of 
the cytoplasm eolloids, where they through a eommon exehange can 
be replaeed by other cations and thus inaetivated. The ease with 
which this takes place and the faet that also already absorbed Mn 
<*an be inaetivated by additions of cations to the external medium 
indicate that the active system is localized on or near the root sur¬ 
face. In favour of this view also argues that the probably identical 
Mn-system acting in the respiration of the root according to Lunde- 
BÅRBH (1940) is also situated on the surface of the cytoplasm, in 
<*ontact with the external medium. 

From these cation inhibitions follows that the assimilation is very 
low ör totaUy hampered in unbalanced Solutions, containing only 
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Table 0. The injluence of earth-alkali eatiom on the assimilation of 
nitrate in wheat roots. The. nutrient medium with 1/400-mol nitrate^ 
1/100-mol glmrose and 3.7 mg Mn pro 1. Nitrate lunolpro 60 plants. 
(From Burstkom 1939 c). 
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one other cation besides Mn. This interaction is only an example of 
the general antagonism, operating on the intake of cations. In ba- 
lanced Solutions, on the contrary, that is in media containing three 
or several cations of appropriate conccntrations, the (‘onditions per- 
mit the sirnultaneous absorption of all ions in certain aniounts, whic.h 
is the case in usual nutrient Solutions. From these, of eoiirse, nitrate 
is readily assiniilated.^ 

The central position of Mn in the assimilation of nitrate has been 
verified by exjieriments of Noack and Pteson (1939) and Alberts- 
Dietert (1941) with Ghlorella cultivated on media devoid of heavy 
metals. Also liere Mn is in the first hand n^sponsible for the utili- 
zation of nitrate, but algae grown without this ion are apparently 
able, gradually to adapt themselves to the changed nutritional con* 
ditions. The authors assume that some other metal, presumably 
Fe, may act as a substitute for Mn, though no data are presenteJi 
supporting this view. This observation tallies with the one regarding 
wheat roots, referred to above, which was explained by a favourable 
action of Fe on the rate of the nitrate absorption and the utilizatioii 
of everywhere present impurities of Mn in the assimilation. 

There is much to be said in favour of the substitution hypothesis, 
howcver. Principally, it is easily understood, sinee the eatalytical 
action must depend upon changes of the valeneies of the atoms: 
Mn++ Mn++^ + e“ and Fe^+—p-. if only the 
redox-potentials are sufficiently high a reduction theoretically might 
be proinoted by either metal. The highly unspecific way in which the 
Mn ions seem to be combined with some colloid, favours the idea 
that they can simply be substituted by other ions of similar proper- 
ties, even if their action may be quantitatively different. If Mn is 
exchanged by Cu, Ni, or Co on the colloidal surface, inactive systems 

1 See Burström 1939 c. The physieal basis of an adsorption interaction on a 
colloid of several, simultaneously presont cations has not been fiilly elucidated. 
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iire formed, not to say if it is replaced by Zn- or Al-ions unable to 
change their valencies. Only if it is replaced by Fe the system still 
maintains some capacity to reduce nitrate, tbougb the action is much 
deereased. Normally only Mn is the reducing agency, however, since 
the action of Fe is obtained only in Mn-free systems of a purity which 
is neA^er realized in nature. 

The loose way in which Mn must be bound to its carrier implies that 
the ferment is not of the type of the Fe-porphyrine ferments, but more 
r(‘sembling the Cu-oxidases studied by Kubowitz (1937), only con- 
sisting of a protein as a carrier and the Cu atom as the prosthetic 
gronp, perhaps with a still more inspecific linkage of the metal atom 
to the carrier. In accordance with the Cu ferments the Mn-atom or 
ion itself lias to be regarded as the prosthetic group. This means that 
the ferment catalyzing the nitrate reduction is of a much more simple 
(‘onstitution than inost other heavy rnetal ferments studied; they 
inay represent a primitive level of organization of oxidizing and re¬ 
ducing system. 

In the absence of Mn neither nitrite nor other inorganic interme- 
diates are formed in whcat roots (Burström 1939 a, c). Mn thus 
ought to take part already in the reduction of nitrate to nitrite. But 
since also the assimilation of nitrite is promoted by Mn in exaetly 
the same way as that of nitrate, the explanation is easily found that 
one redox-system, normally containing Mn, promotes the whole pro¬ 
cess of reduction. This supports the assumption already made that 
tlie inorganic iritermediate produets do not appear in a free state, 
even if their oxidation levels are passed in the course of the reduc¬ 
tion. The hypothetical colloidal constituent Fl of reaction (4) might 
also represent the carrier of the Mn ions by means of valency changes 
catalyzing the reduction of equally in some way bound nitrogen atoms 
from the nitrate probably to the ammonia level. 

It is necessary in this connexion to recall the denitrification stu¬ 
dies by Yamagata (1940), according to which distinctly different 
enzymes prornote the reduction of nitrate and nitrite. This result 
is inconsistent with those on wheat roots just referred to. Bither the 
objects possess different mechanisms of nitrate assimilation, or the 
denitrification is a process sharply separated from the assimilation, 
the two reachions not having any reducing ferments in common. 

In higher plants lack of Mn causes an increased accumulation of 
nitrate (Whitehead and Olson, 1941) but Friebrichsen (1944) 
could not directly connect Mn with nitrate utilization, presumably 
owing to its dominating influence on chlorophyll formation and pro- 
duction of arginase. 

In experiments with Ulva laotuca A. Kylin (1943) and II. Kylin 
(1943) found that Mn in concentrations about 10"^-mol accelerates 
the growth only in the presence of nitrate, but not o£ plants supplied 
with ammonia. Without Mn the growth on nitrate media is unim- 
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portant. Th(^ results indieate a special co-operation of Mn in the assi¬ 
milation of nitrate by this plant, but the consiiinption of nitrate it - 
self was not determined. 

The same method was employed earlier by Stktnberg (1937) 
in studies witJi Aspergillus niger. They ^ave as a result that Mo is 

Table 7. of difforent nitrogen eompounds on the growth oj 

Aspergillm niger in an optimum Holution lacking single heavy metals. 


Yield mp:. Quotocl from Stkinberg (1937, Tables 1, 4, and .5). 
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(To save space the denmalH given by Steinbkrg havo boen omittod.) 


essential for the utilization of nitrate by this plant. An extraet of 
Steinberg’s data is reeorded in Table 7. Tle tested several sourees 
of nitro^ren omitting different heavy metals from the complete nu- 
trient solution, also varyinf? the pH of the media. As is shown by th(* 
Table, in eomjdete Solutions ammonia and nitrate nitrof^en are equi- 
valent nitrogen food for the fungus; asparagine is also a (»onvenient 
source of nitrogen, whereas urea is inferior. With only ammonia 
given omittance of Mo does not dee-rease the yield, nor in the presence 
of organie N. With half the N given as nitrate — in NII 4 NO 3 — 
a slight deerease will result, but with HaNOg and KNO 3 the growth 
is deereased to 10 and 14 % respeetively of the maximal yield. The 
same result w^as obtained with Li- and Mg-nitrates, the growth de- 
creasing to 14 and 16 %. Only with Ca(N() 3 ) 2 .4aq the aetion of 
Mo is absent, but öteinberg States that this salt usually was conta- 
minated by Mo and difficiult to purify; preparations of different 
manufacturers behaved dissimilarly in this respe(*4, some being more 
pure and also giving a positive reaction for Mo. 

The need of Mn is rather low, partly insignifieant and throughout 
lower than that of both Fe and Zn. Only Mo reveals a differential 
aetion with regard to the sourees of nitrogen, however. IJndoubtedly 
in this case Mo is espeeially involved in the utilization of nitrate. 
Since no determinations were made of the consumption of nitrate 
it is undecided if nitrate is not attacked at all, or — which also must 
be taken into consideration — if it is broken down to toxic interme- 
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diate products, inhibiting further growth. All probability ar^ues in 
favoiir of the former possibility, however. 

In any case theae resulta are contradictory to those showing a spe- 
eific action of Mn in other plants. It may be that there are funda- 
inentally different heavy metal systems operating in the different 
plants. As regards the above-mentioned probable partial substitu* 
tion of Mn and Fe there may also be only a gradual difference in the 
(‘omposition of principally similar reducing systems, though that of 
Aspergillus is so constructed as to be in the first hand adapted to Mo 
as the active agency. Further investigations of the consumption of 
nitrate by the fungus in the presence of different heavy metals would 
elucidate this problem. 

With sugar beet Wlasuk (1940, a, b) obtained inereased growth 
by additions of Mn both of nitrate and ammonia fed plants. Some 
deterniinations of the rll of leaves indicated an increase in reduction 
potential by Mn in the presenee of nitrate, but inereased oxidation 
potential with ammonia. The observations are very interesting 
since they are the only ones dealing wdth green leaves, but unfortu- 
nately it is irnpossiblc to localize the effeets of Mn to some special 
I)hysiologieal process or even to some distinet part of the plant. 

The. influence of heavy metals has not been studied on other ob- 
jeets than these plants — wheat roots, sugar beet, algae, and Asper^ 
gillus — and consequently Mn and Mo must be regarded as those 
heavy metals in the first hand involved in the nitrate assimilation, 
but in no known case this funetion is normally over-taken by Fe. 
Once again it is necessary to regret our ignorance of the conditions 
of green leaves, however. 


8. Light eifeets on the assimilation. 

Few phenomena of plant nutrition have been more controversely 
interpreted than the accelerating effeet of light on the rate of the 
nitrate assimilation. A direct light action, involving a photochemical 
reduction similar to that of carbon dioxide in the photosynthesis, 
was assumed already by öohimpeb, but has since been repeatedly 
abandoned only to emerge again with fresh arguments. The basis 
of the assuraption is the energetical point-of-view, i. e. that the 
assimilation as a sequence of endothermal reaetions claims a source 
of energy, and this might be the light energy. Otherwise the assimi¬ 
lation must be linked with some kind of respiratory break-down of 
carbohydrates. The categorical opinions advanced either for or 
against the photochemical view, have mostly arisen because of one- 
sided interpretation of available experimental data and a regrettable 
lack of quantitative observations. 
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Some faets can be definitely establislied, however. Firstly that 
light can affect the assimilation in several indirect ways, which must 
always be duly considered, and secondly that this obviously can take 
place in complete darkness. This is most easily shown by its common 
occurrence in roots, fun^i, and other or^:ans or plants performin^? 
their whole development in darkness. It is iinjustified, however, 
lience to conclude, as is often done, that there cannot exist a direct 
light reaction and that observed light effects must depend upon 
indirect actions. The implicit premise that the assimilation always 
follows the same course has, in fact, never been proved and (ian be 
doiibted; this has rei)eatedly been eniphasized in the foregoing dis- 
cussions. As regards above all the fundamental difference in the 
energy transformations of earbon autotrophic and heterotrophic or¬ 
gans, it does not appear as an imperative necessity to assume that 
the mechanism of the nitrate assimilation must be the same in all 
instances. Kostyts(U1 EW" (1926) logically emphasizes that just as 
earbon dioxide is assimilated in several ways, the same might also 
hold true of nitrate. In fact, the assumption of one uniform way 
of nitrate assimilation leads to confusion if the whole eolleetion of 
experimental data is considered. 

öome indirect light actions are easily explained. Even if the 
nitrate assimilation is photochemical it must be linked wit-h (jarbo- 
hydrate transformations, beeause nitrogen-free eompounds are 
required for the building up of the skelcton of protein and amino- 
acids. Thus in photosynthetically active cells the light via the supply 
of carbohydrates must always regulate the nitrate assimilation. The 
likewise by light affeeted transpiration stream and migration of 
nutrients from the roots can also be decisive for the nitrate supply 
to assimilating leaves. Maökell and Mason (1929), on the other 
hand, point out that a certain disagreement seems to prevail between 
the strongly retarded migration and the rise in the nitrate content of 
the leaves by night (see Chibnall 1922) which cannot be explained 
only by a retardation of the assimilation due to a deereased content 
of carbohydrates, but might indicate a direct importance of light 
for the assimilation of nitrate. Quantitative data supporting this 
view are not given, however. A complement to this consideration 
is an interesting series of experiments carried out by Dittrich (1930). 
By spraying of intaet leaves with water the transpiration effeet on 
the nutrient migration was eliminated, but there still remained an 
inerease in the nitrate assimilation in light, which could not be further 
explained. Dittrich does not deny the possibility of a direct light 
action on the assimilation. 

A more doubtful indirect light action is one on the nitrate absorp- 
tion, which has been conneeted with the much-diseussed light-per- 
meability reaction. Apart from the fact that »permeability» in the 
usual sense has little bearing on the absorption of ions, a light action 
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on the latter has not been conclusively proved, and especially in the 
(^asc of higher plants the assumption of such an action is scarcely 
rnore than a guess. 

That the green alga Chlorella assimilates nitrate in darkness has 
repeatedly been shown^; the process is nevertheless sensitive to light. 
WahbtjkCt and Negblein (1920) fonnd a more rapid formation of 
annnonia from nitrate in light than in darkness, which was explained 
by an increased rate of absorption, and Loose and Pearsall (1933) 
obtained a five tiines increased synthesis of protein from ammonium 
nitrate in liglit. In the latter case the alga was cultivated with glu- 
('ose as a souree of carboii, so that the assimilation of carbon dioxide 
was elimiiiated as a limiting factor, but it could not be decided 
what process was sensitive to light. 

Refore enteriiig into a discussion of a possible direct light action 
it is necessary to consider on which part of the assimilation light 
might exercise an influence. Ulijiioh (1924) has carried out a theo- 
retical deduction of different light actions on tlie nitrate assimilation. 
Hesides indirect effects he emphasizes the difference between photo- 
chemical actions, in which light acts as the souree of energy for the 
])rocess, and photocatalytical reaetions, proeeeding spontaneously 
i)ut accelerated by light. As to the results on the nitrate assimilation 
it is possible tiiat a photocatalytical effeet rnay oceur in instanccs of 
presumed indirect light effects, tliough definite proofs are wanting 
and difficult to give. In those cases, on the contrary, which have 
been interpreted as indicating a direct light action it is difficult to 
distinguish betw'e(‘n the two w^ays of action, without detailed investi- 
gations of the (»nergetical relations. 

There is no doubt that the secondary synthesis of protein from car- 
bohydrates and ammonia or other forms of reduced nitrogen takes 
place in darkness.^ Tf the assimilation of nitrate passes over ammonia 
an effecl of light t hus must set in in the earlier stages of the assimi¬ 
lation, that is in the stage of the reduetion of nitrate. If, as was 
assumed above, the inorganic reduetion of nitrate in leaves stops on 
an earlier level thaii ammonia, it is possible that both the inorganic 
reduetion and subsequent organic transformations need light, but 
it is known that a wholly inorganic' reduetion of nitrate is easily 
brought aboui under the influence of ultraviolet light (Battdisch 
and Meyer 1914, Moore 1919). This renders possible a photochemi- 
(*al reduetion also in plants, iiamely in green leaves and other light- 
exposed organs. On the other hand there are arguments advaneed 
in favour of the opinion that also under such circumstances the whole 
transformation of nitrate to protein is carried out independently of 

* Muenschkr 1923, Loose and Peabsall 1933, Noack and Pirson 1939. 

* See Chibnat. 1 . 1939. Gouwentak 1929 has especially studied the influence 
of light of wavedengtliH below 4050 AU, without finding an inerease in the second- 
“ttry synthesis. 

4— 45441 Kvngl. Lanthruhahögskolavs Anmihr. Vol. 13 
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light. In order to prove this it is neeessary to study the assimila¬ 
tion of excised leaves, thereby eliminating the assimilation within 
the roots, which iindoubtedly takcs plaee in darkness, or quantita- 
tively to separate the dark-assimilation of the roots from an even- 
tual assimilation within the leaves, which has only been carried out 
in experiments with wheat plants (Eukj^tröm 1937). 

Zaleski (1901) showed with excised Helianthus leaves that the 
protein content increases in darkness after an application of nitrate 
but not without, which is generally accepted as incontrovertibh» 
proof that the reduction of nitrate is independent of %ht. The obser¬ 
vations were made with the »leaf halfin^^ method» (Blatthälftenme- 
thode), however, and as Gouwentak (1929) has pointed ont, both 
Zaleski and other aulhors usin«? this method for the same purpose 
have neglected the exchan^je of eompounds between leaf lamina, 
mid-rib, and petiole, analyses only beinj? made on parts of the la¬ 
mina. It has also been noticed that in a later investi^^ation of the 
same kind with Yieia Zaleski (1909) obtained an increase in tlu* 
content of protein both with and without an extcrnal supply of ni¬ 
trate. 

More attentiou deserve the statements by Schlmachier (1928) 
that the chlorotic parts of variegated leaves redu(*e nitrate in dark¬ 
ness. Experiments were carried out witli excised leaves of KambuouH 
nigraj Ähutilon Saivitzer^ Brassiea oUraeea a. o. Normally the white 
parts eontain nitrate, as shown by the reaction with diphenylamine. 
If the leaves are placed on a 5 glucose solution »begiimt nach we- 
nigen Tagen das Nitrat zu verschwinden . . . bis schliesslich die 
Biphenylreaktion vollkomraen und iiberall negativ wird». This is 
attained after 4 to 8 days treatment. Himultaneously there is a ra- 
pid secondary formation of protein from soluble organic N, the con¬ 
tent of which is unusually high in the white parts. — The experi¬ 
ments indubitably show that nitrate is reduc.ed in darkness by the 
leaves, if only carbohydrates are supplied in sufficient amounts. 

Another question is how this reduction corresponds to the one of 
normally illuminated leaves. Quantitative data would be elueida- 
ting, but unfortunately they are wanting.^ Schumacher observes, 
however, that the reduction in his experiments proceeds very slowly 
which is also obvious from the meagre data quoted above. This 
cannot be due to a slow absorption of sugar, which is shown by the 
rather rapid secondary synthesis of protein, also dependent upoii the 
supply of carbohydrates. Schumacher assumes that the large 
amounts of soluble organic consume added sugar in the first hand, 
and only secondarily the sugar is used in the reduction of nitrate. 
This does not tally with the observation of Prianischnikow (1926) 

A Only with Acer Negundo some data are given of the formation of protein with 
and without nitrate supply in darkness. No difference was observed, but this wa« 
explained by a characteristically slow absorption of nitrate by these leaves. 
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that tlie reduetion of nitrate proceeds even in earbohydrate-defi- 
cient organs. 

A circumstance worth mentioning is that the metabolism of these 
glucose-fed leaves does not equal that of illuminated ones. The 
excised leaves are living carbon-heterotrophically, ready carbohy- 
drates migrating into the cells just as is the case in roots. Parenchy* 
matous (*ell8 of roots under sueh circumstances are able to reduce and 
iissimilate nitrate and it is difficult to see why this property should 
have been lost in mesophyllous cells of leaves and should not appear 
if these are subjected to the sarne nutritional and environraental 
conditions as roots. Of course, a quantitative differenee in the ea- 
pacity to absorb nutrients and live carbon heterotrophically may 
(*xist, but tliis is also illustrated by Schumacher^s data on the rate 
of nitrate* consurnption. The capaeity of living carbon-heterotro¬ 
phically assimilating nitrate is surely a generally oceurring property 
of living parenchymatous cells of higher plants, which is shown by 
the numerous su(*ce88ful tissue and organ cultures of various parts of 
plants. Ilut this does not exelude the possibility that anotlier mode 
of carbon and nitrogen metabolism oceurs in the light absorbing 
chloroplasts of green leaves under normal (‘onditions. 

The method of (*arbon heterotrophic eultivation of leaves as em- 
])loyed by Schumacher is — especially in the absence of quantitative 
data — improper for a study of autotrophic processes depending 
upon the activities of the chloroplasts; this is still more true of the 
infiltration method. Björkstén (1930) infiltrated in vacuo wheat 
leaves with Solutions of different V> and N compouuds, a. o. nitrates, 
and determined the protein formation. Light proved to be without 
influence. The experiments have been critieized by (-hibnall (1939) 
and Bukhtröm (1943 a): the results are insignificantly small and the 
infiltrated leaves in fundamental respeets differ from normal ones, 
e. g. therein that they do not utilize suerose, which is a normal con- 
stituent of wheat leaves.^ It seems probable that the normal meta¬ 
bolism is disturbed by the filling of the intercellularies with w^ater 
Solutions, especially the gas exchange must be hampered. 

In air the assimilation of nitrate by wheat leaves is very suscep- 
tible to light and practically no assimilation lakes place in darkness, 
in spite of a rather high coneentration of easily utilized sugar (Bur¬ 
ström 1942, 1943 a, b). Some figures to show this are quoted in 
Table 8. In this case the assimilation of nitrate parallels that of 
carbon dioxide and is independent of the respiration, which will be 
further diseussed in the next section. Already at a very low light 
intensity the nitrate consumption starts, although there is a rather 
great respiration of sugar in darkness, and this does not inerease with 
inereasing light intensity. 


^ Nurhia 1935, Burström 1943 a, b. 
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Table 8. The relation between lighi^ assimilation of earhon dioxide 
and nitrate, and formation of sugar in exeised wheat leares, Normal 
eontent of COg of the air, COg and su^ar jjiven as eqiiivalcnt mmols 
of hexose, nitrato in mmols. 

Assimilation p(»r 16 seodlings and 24 h. (BrasTitoM 1943 a). 


! ('Og assimilation Sujjar boiind Nitralo 


lux 

■ 

' 

n‘al 

1 initiallyl 

1 

formell 

iri otiicr ^ 

1 ])r()diift.s 1 initially 

latod 

0 

- 0.U42 

0 

1 

1| 

i 

0.038 

- 0.004 

i 

O.OOl 

2900 

0.004 

0.0U5 



- O.olo 

0.014 


0.007 i 

8800 : 

0.057 

0.099 


0.1 Ii) 

0.012 

0,04.5 

'().l)l)!l ! 

0.019 ! 

18000 1 

0.174 

0.21(} 

■ 


0.098 

0.076 


0.031 1 

30000 1 

O.SOS 

(».345 

j 


0.170 

0.127 J 


0.040 


A eortain amount of nitrate is assirnilated (htii whoii the liglit 
intensity is so low that the formation of siigair does not eomiiensate 
for the losses in t he respirat ion, and half the maximal rate of nitrate 
assimilation is attained at a light intensity eausing an apparent assi¬ 
milation of (^Og during 24 h. not exeeedin^jf 50 % of the initial con- 
tent of sujrar. It is (*lear that the su^ar level does not limit the assi¬ 
milation of nitrate. Thus there are reasons to assunu» that li^rht is 
indispensable itself for the reduetion of nitrate* in this ease. The 
assimilation of ammonia proeeeds in darkness, oii the eontrary, in- 
dependently of the photosyntliesis and at tlie expense» of stored su- 
g^ars, in agreement witli the j[jeneral eliaraeter of the seeondary pro¬ 
tein formation. It has been pointed out above that nitrate is prob- 
ably not rediieed to aramonia in the leaves, biit assirnilated on an 
earlier inorganic level, thus it is iiremature to conelude that the re¬ 
duetion of nitrate is photo(^hemical, though it only takes plaee in 
ligfht, and it is indeed not ei^en neeessary to assurne that some part 
of the nitrate assimilation is at all direetly influeneed by light. It 
may be that only the reduetion of OOg is earried out photoehemieally, 
but some intermediary produet of the CO g reduetion is involved in 
the reduetion of nitrate, and henee the latter inseparably linked with 
light anyhow. A definite decision between these two possibilities 
eannot be made at present, but some data on the gain in ehemieal 
energy are elucidating. 

It has been shown (Kbascheninnikow 1901, ef. Körösy 1913) 
that the inerease in heat of combustion of leaves exeeeds that com- 
puted from the amount of assirnilated carbon dioxide. It is assumed 
that the difference corresponds to energy gained in some other pho- 
tochemical process, which can hardly be any other than a photoche- 
mical assimilation of ni trogen. Further contributions to this pro¬ 
blem are diseussed below. 
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Extended investigations with wheat leaves (Buesteöm 1943 b) 
have indicated a sli^rht loss of nitrate also in darkness, but so small as 
to be analytically difficult to prove and wholly negligible as compared 
with the li^ht-induced assimilation. It may be that the former — 
if really existin^ — is identical with the process studied by Schu- 
WACHEU, in his experiments enhanced by a supernormal dressin^ 
(‘xternally with su^ar, and dominatinp: in the absence of any photo- 
chemieal reaetion in the chlorophyll-free leaves. 

Already the present data rather obviously sug^jest that the ni¬ 
trate assimilation of j^r^i^^n organs depends upon light in a way which 
(loes not oeeur in dark-adapted organs; this will be further supported 
by sonie scattered observations reeorded below. The fundamental 
difference in earbon transformation between phototrophie and car- 
bon heterotrophic organs probably has an analogy also in the nitro- 
g(»n transformations. The above emphasized localization of the ni¬ 
trate assimilation to either the (*ell surfaee or probably the chloro- 
plasts illustra tes the sarne constitutional difference in the organiza- 
lion of the synthesizing systems. It must be stressed that nothing 
contradicts the assurnption that one cell or one tissue may possess 
both possibilities of assimilating nitrate, with or without the co-ope- 
ration of light, which of <*ourse complicates the experimental investi- 
gation of the problem. 

To sum up, there ar(‘ good reasons at present to assume that the 
assimilation of nitrate in leaves may be a photochemical reaetion or 
be intirnately linked with the photosynthetic apparatus, but there 
are also n^sults showing an assimilation in darkness. Apart from the 
(luoted experiments with wheat leaves there are no quantitative 
dat a 011 the (»onsumption of nitrate in relation to light with controlled 
(‘arbohydrate inetabolism. In ac(*ordance with these results it may 
thus be assumed that the former domina tes under normal living 
conditions, and that this liglit-induced assimilation is illustrated by 
scheme (3), involving a reduetion of nitrate only to the nitrite or 
liyponitrite levels, follow'ed by the transformation of N into organic 
linkage. On the other liand, the dark-assimilation which is of minor 
importance in normally fed leaves, ought to be identical with earbon 
heterotrophic nitrate utilization oceurring also in roots and schema- 
tically expressed by scheme (4). 

In most studies on the effeet of light on the utilization of nitrate 
observations have been made only of absorption, or aceumulation of 
nitrate, or content of protein in relation to light, and then it is, of 
(‘ourse, impossible to settle the real nature of the light action. The 
conclusions which nevertheless have been drawn are then founded on 
rather aprioristic assumptions, or on a dogmatic acceptance of older 
opinions, likewise perhaps insufficiently supported or derived from 
results with very different objeets. An explanation of the action of 
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Table 9. The content oj difjerent nitrogen jraetionH oj tobaceo 
plants during 11 days grown in light or darknessj with or 
without supply oj nitrate, 

% N of dry mattor. (Eisknmencjer 1933). 


Conditions 

j Part 

Dry 

matter 

P 

Total- 

N 

Protein- 
N 

7 -ttmino- 

N 

Amid- 

X 

Arnmonm- 

X 

Xitrate- 

N 

Light 

1 

1 

' lea\ €^s 

70.8 

3.80 

1.09 

0.87 

0.47 

0.12 

1.20 

with 

1 stein 

24.9 

4.90 

l.ll 

0.81 

0.41 

0.30 

0.82 

nitrate 

root 

lO.J) 

3.17 

0.89 

0.41 

0.30 

0.23 

0.24 

Light 

1 leaves 

70.:, 

3.55 

0.83 

0.90 

0.29 

0.22 

0.65 

no 

' Rtem 

13.0 

5.10 

0.7:5 

0.9:5 

0.77 , 

0.39 

0.73 ! 

nitrate 

1 root 

10.7 

2.38 

0..59 

0.79 

0.11 1 

i 0 24 

0.19 

DarknesH 

j leaves 

55.1 

4. .58 

0.91 

O.oo 

0.14 

' 0.32 

1.67 : 

with 

1 atem 

25.0 

5.05 

0.78 

1.04 

0.45 

0.07 

1.31 

nitrate 

root 

23.3 

2.79 

0.09 

O.40 

0.09 

i 0.38 

0.31 ! 

DarknoKs 

1 leaves 

47.9 

5..50 

0.97 

1.32 

1 0.33 

0.43 j 

1.35 ' 

no 

Htem 

12.Ö , 

5.18 

0.80 

1.20 

! o.oi 

0.91 1 

' 1.10 i 

nitrate 

root 

12.8 1 

3.24 

0.84 

0.73 

0.05 , 

0.51 1 

0.12 I 


li^^ht in everv case is thus iinpossible, but. the observations made are 
of ten interestin^?, anyhow. 

Petrow (1917) has shown that heterotrophieally eultivated iii^her 
plants in darkness grow more rapidly on ammoiiia t han on nitrate, 
althou^^h they in li^ht prefer the latter. This indicates a (‘o-opera- 
tion of li^^ht in the utilization of nitrate, the more as the deinand of 
earbohydrates, whieh usually is the factor in minimum in eultures of 
this kind, as well known is ^r^ater at ammonia tlian at nitrate nu¬ 
trition. 

That the content of nitrate of leaves deereases in lijfht is a ^(eneral 
phenomenon.^ Extensive analyses of different nitrogen fractions 
at varied light and nitrate supply have been earried out by Eiskn- 
MENGER (1933), some figures are quoted in Table 9, in order to illu¬ 
strate the eharacteristic displacements between the fractions. 

The decrease in the nitrate content in light, especially without a 
supply of nitrate, is partly due to the increased dry weight, partly 
to an increased assimilation of nitrate. The high content of ammonia 
in darkness is the well-known expression for proteolysis and deamina- 
tion together with lacking resynthesis of protein. In darkness with¬ 
out nitrate — both N and C deficiency — the production of dry 
inatter is of course very much decreased, but the content of protein 
is maintained on a normal level, showing that the protein production 
is the factor regulating the growth. Only without nitrate in light 


^ See e.g. Strowd 1920, Dittrich 1930, Eisenmenoer 1933, Street 1934, 
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the content of protein tends to decrease, undoubtedly owin^ to an 
exoessive deposition of nitrogen free reserve materials. 

A probably complex aotion of light on aquatic leaves was ob- 
served by Gessneb (1943), who found an increased absorption of 
nitrate only in early summer but disappearing in fall. It was noted 
i hat the effect appeared also in the absence of carbon dioxide, 
heeause of which a simple inorease in carbohydrate supply was ex- 
cluded. 

T t is, of course, impossible from these and similar observations 
to deduee. the whole nature of the light action. 

Of interest are the investigations by Tottingham and eoll. (1928, 
1934, 1935) on the influenoe of light of short wave-lengths on the 
utilization of nitrate. It is known ever since Laubent that such 
liglit may be favourable for the synthesis of protein, although the 
observations made have been almost only qualitative, and have not 
r(»vealed what part of the process light accelerates. Tottingham, 
Stephens and Le ase (1934) record that an inorease in the light in- 
tensity within the range 3100 to 4200 ALT by only 4 %, correspon- 
diiig to 1 of the total light intensity, accelerated the absorption 
of nitrate from the nutrient medium by up to 68 %, a figure which 
s(‘(*ms surprisingly high, even if the tendency cannot be doubted. 
Tlien only the shoots were illuminated and not the roots, so that a 
(lireot effect on the ion absorption was out of the question. Un- 
forlunately, only the ab8orj)tion and not the consumption of nitrate 
was det(*rmined. In a later cornmunication (Lease and Totting¬ 
ham 1935) was shown that light of the wave-lengths 3900 to 5200 ÅU 
(lecreased the content of nitrate and sugar of the plants, and increased 
the chlorophyll content. The latter effect was regarded as the pri- 
iriary one, by means of which secondarily the production of carbo- 
liydrates, respiration, and nitrate assimilation increase. This inter- 
pretation is not quite necessary, since it is well known that an in- 
(Teased assimilation of nitrogen characteristically increases the chlo¬ 
rophyll formation. In this case only nitrate and protein contents 
hut not absorption of nitrate were determined. 

A (^ollocation of these results shows that blue to ultra-violet light 
intTe^ises the absorption of nitrate, decreases the content of nitrate 
and sugar of the plant, and increases that of protein, which clearly 
illustrates an increased assimilation of nitrate. If it can be verified 
hy exact measurements of the nitrate reduction in light of different 
wave-lengths that the maximum of nitrate reduction does not coin- 
cide with the maximum of carbon dioxide assimilation, which is in- 
dicated by the quoted data, this would form conclusive evidence of 
a light reaction on the former, differing from the chlorophyll mecha- 
nism. 

Theoretically interesting but physiologically badly founded is a 
photoehemical scheme of the nitrate reduction proposed by Baly, 
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Heilbron and Hudson (1922), involving a photoreductiou of ni- 
trate to nitrite and a reaction of the latter with formol to formhy- 
droxamic acid. Sommeb (1936 b) agrees with this hypothesis, on 
account of a demonstrated formation of nitrite and formol in light 
by algae. Eather similar is a hypothesis outlined by Baudisch 
(1921, 1923), according to which nitrate in light is reduced to nitrite 
and free nitrosyl. The catalyst in model experiments is Fe; in light 
there are formed iron-peroxides, (‘omplex eoinpouiids of liigh po¬ 
tential energy, which cause a splitting off of O-atoms from <he nitro- 
gen. The nitrosyl reacts — in vitro — with formol under the forma¬ 
tion of formhydroxamic acid, and subsequently a number of other or- 
ganic N-compounds. Even on this point some apparently justified 
criticism has set in (Snow and Stone 1923). The direct physiolo- 
gical supports of the hypothesis eonsist only of the observation that 
the same by-x^roducts are formed in the nitrate redu(‘tion of baeteria, 
as in the mentioned model reactions, namely IS^O, Hg, (> 2 , <' 02 , CO, 
NO 2 , and Of eourse this is no proof of the hypothesis, but the 

usual abandoument of it is also somewhat exaggerat(‘d, sinee foun- 
ded on not allowable generalisations (seci Burström 1943 a). A 
justified judgement of the hyi)othesis is that it is not contradicted 
by any reliable data, not even the most detailed investigation with 
wheat leaves, but direct proofs of its corre(*tness are still wantlng. It 
will be dealt with again in connection with the earbohydrate trans- 
formations. 


9. The connection with the earbohydrate metabolisni. 

Assimilation of nitrate is always aceompanied by earbohydrate 
transformations: an adequate supply of earbohydrates or other, from 
these derived, nitrogen free cornpounds forms an iiidispensible eon- 
dition for the utilization of nitrate, since these deliver the carbon 
skeletoii of the assimilates. This holds true whether earbohydrates 
also serve as sources of energy or not. A mere reduetion of riitrate, 
however, is known in certain instances to proceed even at a severe 
lack of earbohydrates; the produets are then not assimilated, but in- 
stead nitrite or ammonia are accumulated.i At an ample supply 
of nitrate and deficiency of earbohydrates the reserves of the latter 
may finally be exhausted^, but such a lack of balance between nitro¬ 
gen and carbon nutrition always jeopardizes the life of the plant», 
perhaps owing to a formation of nitrite or ammonia in injurious 
amounts, perhaps owing to the inhibited formation of protein and 
hence decreasing protein content. Such a state is easily attaine<i in 

1 Kostytschew and coll. 1920, 1926, Warburo and Negelein 1920. 

* Dittrich 1930, Burström 1937. 

* NlGHTINGAIiE 1936, BURKHART 1938. 
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roots, in which the stored carbohydrates can be completely used up 
in the assimilation of nitrate, whereas in leaves the assimilation of 
nitrate may cease in the absence of light, long before the carbohy- 
drate reserves are exhausted (Bubström 1937). 

Generally changes in nitrate assimilation are reflected in the con- 
teiit of (iarbohydrates of the plant; with inereasing supply of nitrate 
tlie contents of sugar and starch decrease. Several examples are re- 
(‘orded in the literature, one is quoted in Table 10. Addition of ni¬ 
trate eauses a decrease in all fractions of carbohydrates, both soluble 
and insoluble ones, since these ought to stand in some mutual rela¬ 
tion to eaeh other. With nitrate withheld especially old leaves con- 
tain abundantly reserve carbohydrate deposited as starch, whereas 
1 h(‘ content of nitrogen is very low. 

Table 10. The carbohydrate content of apple trees, grown with 
and tvithout nitrate, 

N % of frowh matter. (Nioktinoale and Mitcmkll 19,34). 


Part of plant an<l 
carbohydrato frac^titm 

1 

1 Imtial 

matorial ^ 

1 (N-deficient) | 

Af tor 

No nitrate 

18 tlays 

With nitrate ! 


Koducing Kugara. 

1.57 

1.00 

0.40 

8ucroa(*. 

O.S,'» 

0.41 

0.24 

Total sugars. 

l.»2 

1.50 

0.73 

Starch f- dextroso. 

1.11 

2.20 

0.87 

Total carbohydrates , . . 

3.oa 

3.70 

1.00 

Siem. 

1 Reducing sugars. 

0.,>o 

O.oo 

0.23 

i Suerose. 

0.23 

O.IO 

0.03 1 

Total sugars . 

0.73 

0.85 

0.20 1 

8tarch ~f dextrose. 

1.04 

1.37 

0.47 

Total carbohydrates. 

2.37 

2.22 

0.73 i 


Quantitative detemiinations of the relation between eonsumption 
of sugar and assimilation of nitrate in heterotrophically cultivated 
organs have been carried out only on Aspergillus (Yamagata 1934) 
and on wheat roots (Burström 1937). Yamagata’s results will be 
recorded below. In the wheat roots the eonsumption of sugar owing 
to the utilization of nitrate amounts to up to 6 mol C on 1 mol of 
assimilated nitrate. This amount ineludes both carbon dioxide dc- 
veloped in the respiration and carbon utitized in the formation of 
assimilates. The figures only show that produets of the composition 
of amino acids or protein are formed, which is to be expeeted, but 
not the kind of connection between assimilation of nitrate and break- 
down of sugar. Experiments devoted to this problem have mostly 
dealt with the connection with respiration. 
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a. Nitrate assimilation and respiration. 

The starting-point iiiay be the energetieal eonnection, that is to 
say that respiration at least in all carbon h eterotrophic organs forms 
the source of energy of the assimilation of nitrate. The investiga- 
tions by Wabbukg and Negelejn (1920) on Chlorella form the basis 
of the apprehension of this question. The authors have tried to show 
that when nitrate is reduced to ammonia aecording to the formula: 

NO 3 + n20 -t 2 H+ - NHt + 2 Oo —68000 cal., ( 8 ) 

this endothermal reaetion is linked with an exot hermal, in which su¬ 
gar is eompletely oxidised: 

2 O 2 + 2 C - 2 CO 2 "{ 2 1 15000 eal. (9) 


The sum is written: 

+ H 2 O + 20 = NH 3 + 2 OO^ + 162000 oal. ( 10 ) 

0 here denotes some O-compound of the same level of oxulation 
as carbohydrates. On each mol of reduced nitrate there are formed 
two mols of (/O 2 — without a eorresponding oousumption of — 
which is called »extra CIO 2 ». The respiratory quotient t hen rises 
above 1. It is obvious that these reaetions take plaee wholly anaero- 
bically. — A representative series of experiments is reeorded in 
Table 11. A detailed examination of the Table reveals t he following 


Table 11. The relation beUveen respiration and prodiiction of 
ammonia in darkness by Chiorella. 

Computed per h. From Wabbukg and Negelkin (1920, Tablen XIX XX). 


Gas exohanpe cmm 


Extra CO, 




Extra CO, 


H O u r 

O, 

COg 

Extra COj 

' '^'2/02 j 

' ! 

mol 

mol 

NH, 

1st. 

-253 

+ 409 

156 

! 1.6 ! 

7-]0-« 

0.910'fi 

7.7 

2nd.! 

-226 

+ 366 

139 

I 1.0 ; 

6.3 

1.3 

4,8 

3d. 

-201 

+ 288 

87 

i 1.4 1 

3.0 

1.8 

2.2 

4th. 

-188 

+ 246 

58 

1 1-3 1 

2.7 

M ! 


5th. 

-151 

+ 178 

27 

! 1.2 1 

1.2 


- 


Data lacking. 


facts. During the time of experiment the gas exiihange of the alga 
decreases, the production of COg more rapidly than the consumption 
of Oj, however, so that the difference between these figures — that 
means the amount of extra COj — steadily decreases. At the same 
time the formation of ammonia increases. This is explained by assa- 
raing that ammonia is initially assimilated to some extent and thus 
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the amount of ammonia liberated is lower than that of reduced ni¬ 
trate. The assimilation of ammonia decreases, however, owing to 
exhaustement of the carbohydrate reserves, and finally a State of 
»purc reduction» without assimilation is attained. The ratio between 
extra CO 2 and NH 3 then equals 2 , and formnias ( 8 ) to ( 10 ) are strictly 
valid (after 3 h., Table 11 ). Unfortnnately every series of experi¬ 
ments of Wabbubg and Negblein’8 is cut off as soon as this point 
is attained, or at least the production of NH 3 is not followed up 
further (see Table 11 ). It is tbus impossible to decide if the liberation 
of ammonia decreases from this point onwards parallel to the de- 
(Tcasing formation of extra CO 2 , which must be demanded if the pure 
n^duetion really constitutes a final State of reaction of the cells; if 
the whole interpretation is correet, the amount of extra CO 2 must be 
at least twice that of produced ammonia. 

Tf both reduction of nitrate and assimilation of ammonia decrease, 
and the lat ter more rapidly, the rate of formation of free ammonia 
must pass a maximum value, increase at first as the Table shows, and 
then decrease, but it is a matter of importance to show that this 
really holds true, the more a« no data are given of the total reduction 
of nitrate, which makes the interpretation rather speculative.^ It 
must also be noticed that the results are only obtained under very 
specific conditions, with a nitrate content of 1 / 10 -n and a pH 2 , 
but not under nearly natural conditions. 

Jn light without supply of CO 2 the respiratory quotient falls below' 
1 , »extra Oj» is produced, owing to the assimilation of the produced 
<‘xtra CO 2 - Both output of ammonia and production of extra gas 
are enhanced 2 to 3 times in light as compared with darkness, but 
nevertheless the theoretical relation extra gas : ammonia == 2 is never 
attained in light, on the contrary it does not fall below 4. This is 
<*xplained by the assumption that assimilation of ammonia will 
<*ontinue longer in light than in darkness. Why it should do so is 
inexplicable, however. That ammonia is liberated must be due to a 
Ja<*k of carbohydrates for synthetical purposes, which is at least 
(juite as great in light without OO 2 as in darkness, or even greater, 
since the more rapid reduction — according to the theory — implies 
a more rapid break-dowm of carbohydrates. It is true that the respi- 
ration CO 2 is re-assimilated in light, but in the more rapid assimila¬ 
tion of ammonia more carbohydrate is consumed than is gained in 
this photosynthesis. In the assimilation of 1 mol of NHa about 4 mol 

^ As WQs emphastzed in Chapter 4 it has sotnetimes been observed with diffarent 
objects that intermediary products such as nitrite and ammonia appear only 
shortly aftor an application of nitrate and then disappear again. In such a case 
wo really find a formation of free ammonia following an optimum curve withm a 
nhort time. The disappearance is supposed to be due to increasing assmulation, 
however, and hence this can not be the same phenomenon as the ammonia pro¬ 
duction in Chlorella, where conditions are quite reversed, and the assimilation ought 
steadily to decrease in the course of time. 
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of C are requested, but only 2 C are obtaiiied from the assimilated 
extra CO g. A pure reduction accordin^r to formiila (10) thus ouglit 
to be more easily obtained in light witliout CO g than in darkness. 
Apart from the fact that these results with CMorella are only obtained 
under very extreme eonditions, there are thus several details, which 
cannot be explaincd by the scheme of Warbitrg and Negelein^ 
and it may be doubted if the phenomena studied really wholly oorre- 
spond to the normal process of reduction and assimilation of nitrate* 

In later investijjations, pcrformed with the aim of verifyln^; these 
results and applyin^r them to other objects, in most oases only the 
respiratory quotient has been determined. wliereforc the interpn*- 
tation of the results wholly depends upon the validity of the deduo- 
tions by Warbtjrg and Negelein. Sonic authors also seem to have 
completely misunderstood Warbttbg^s lines of thoii^cht. 

Wehneji (1928) studied the Oo exchan^ye of Fontinalis in the pre- 
sence of 1/10 000-n HNO 3 and 1/10-n NaNOg. Eaoh ooinponent is 
in itself without effect, but toj?ether they oansc an inorcas(»d con- 
sumption of Og in darkness, called »extra ('Og», under the assuniption 
of a respiratory quotient of 1 ; both the result and the interpretation 
are contradictory to Wakbitrg^s results and dcductions and do in- 
dicate an increased aerobic respiration and not an anaerobic forma¬ 
tion of extra CO g in Warbiirg’s sense. Nor do similar results ob¬ 
tained by Lovell (1938) with Elodea support the hypothesis. 

Indications of a mechanism such as the onc proi)osed by War- 
BHRG are found with leaves of Ligustrum and Hemvleum by Kiiii- 
LAND and Ullrioh (1929), in which additions of nitrate caus(‘ an 
increase in the respiratory quotient above 1 ; without nitrate it is 
slightly lower than 1 . It is thus shifted in the expected direction, 
thou^?h the differences are rather small. Witli leaves of tomato and 
wheat Hamner (1935) obtained an increased prodiudion of (X)*> 
in darkness in adding nitrate. The results are difficmlt to interprete” 
however, since respiration was computed on number of plants, and 
no corrections were made for the size of the plants. Pirron (1938) 
likewise observed an increased respiration at additions of nitrate to 
Ghloretla. 

In excised root systems of oats, supplied with nitrate but not su¬ 
gar and unable to assimilate nitrate, the respiration nevertheless by 
50 % exceeds that of roots without nitrate. In explaining this resuit 
PoSTMA (1939) ref ers to the anion respiration (Luni)p:gäri)H and 
Burström 1933, Lunuegåriih 1940) linked with the mechanism of 
ion absorption. This is the source of energy of the endothermal ab- 
sorption of anions and stands in an approximately fixed relation to 
the intensity of anion absorption, but is independent of the assimila¬ 
tion of nitrate. In wheat roots it corresponds to about 2 rnols of 
CO a produced on each mol of absorbed nitrate, in halophytes mueh 
lower values have been found (van Buk 1939). It is clear that such 
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a process must interfere with an eventual increase in respiration 
causcd by the reduction of the absorbed nitrate, and at least in or- 
i^ans furnished with an active mechanism of ion absorption — roots, 
perhaps algae — it must be experimentally difficult to separate the 
two kinds of respiration from each other; such a distinetion has not 
vet been cariied out, anyhow. 

It is curious to note that no paper of those cited abovc, dealing 
with the relation between reduction of nitrate and respiration, con- 
tains any determinations of the eonsumption of nitrate, nor of the 
absorption. Tliis may serve as a drastic illustration of the weak ex¬ 
perimental basis of the conclusions, expressed in rather categorical 
tenns in^vertheless. 

Only the investigations by Tamiya (1932) and Yamagata (1934) 
inipart detailed knowledge of the relation between respiration and 
nitrogen assimilation in earbon heterotrophic plants; they are of the 
greatest in terest for the understanding of the gas exchange in the 
respiration in general. Tamiya creates the eonception »cornbustion 
(juotient», whieh means the ratio between (^Og given off and Og 
(onsumed in the eomplete cornbustion of a substance or of organic 
material in general, to COg, HgO, and Nllg. The magnitude of the 
(piotient depends upon the mutual ratios between C, H, N, and O 
of the material. Hueli quotients have been eomputed by Yamagata 
holli for a number of different 0 and N nutrients entering into media 
for ÄspergilluH cultures, and for fungus hyphae developed on the 
different media, on aceount of elementary analyses of the hyphae. 
The respiratory quotients of the cultures depend upon and can be 
theoretically dedueed from cornbustion quotients of hyphae and nu¬ 
trients, and amount of eonsumed material. The experimentally 
fomid figures tally very w^ell with the dedueed ones (see Table 12). 
The respiratory quotients differ more or less from the cornbustion 
quotients of the respired materials. The latter vary within as wide 
limits as between 1.09 and 0.67, the respiratory quotients between 
1.57 and 0.59. With nitrate a higher respiratory quotient is always 
foiind than with ammonia, the reason for which is the following. 

Tndependently of the eomposition of the 0 and N delivering materi¬ 
als the fungus produees myeelium of always almost the same com- 
position (Table 13). Differences are observed, but they are negli- 
gible as compared with the large differences in the raw-materials, 
except a throughout higher content of nitrogen of the ammonia cul¬ 
tures, probably due to the usual formation of nitrogen rich amino- 
aeid-amides. From e. g. the combination glucose + KNOg — rich 
in O and poor in H — practically the same cell material is produced 
as from the combination ethanol + NH4CI — poor in O and rich 
in H.i In that case the demand for Og must be lower because the 


^ Of oourse the ratos of dry matter produetion and of growth aro very different. 
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Table 12. The respiratory quotient (OOg/Og) in Asperglllus 0 }^zae^ 
cultivated on different C and N nutrients, 

(Yamagata 1934). 


1 Source ot oarbon 

1 (^ombustion 

' N a m (' i ^ ^ 

quotient 

Respiratory quoti€*ut 

With NHg ' With HNO» 

eoraputed 1 lound eonipuied j fuuiid 

i i 

1 Glucuroiiic aeid . 

1.091 


1.38 

I 1.32 

1..54 

! 

1.39 

Starch. 

1.000 


1.09 

* 1.11 

1.23 


1.28 

' Sucrose. 

1.000 


1.09 

1.22 

1.32 


1.46 

; Mannose. 

1.000 


l.n 

1.25 

1.44 


1..57 

Glucoae . 

1.000 


1.08 

1.16 

1.28 


1.30 

; Galaoiose... 

l.ooo 


1.11 

1.15 

1.34 


1.33 

1 Arabinost^. 

1.000 


1.09 

1.12 

1.31 


1.31 

Dioxyaoetone. 

1.000 


1.05 

1.09 

1.15 


1.19 

' Maimitol. 

0.923 


0.89 

0.92 

1.23 


1.15 

; Sorbitol. 

0.923 


0.89 

0.93 

1.21 


1.17 

i Adonit. 

0.909 


0.80 

0.86 

1.22 


1.14 

Erythrit. 

0.889 

t 

0.81 

0.85 

1.06 


1.08 

Glycerol . 

0.857 

! 

0.74 

0.77 

0.95 


0.94 

Ethanol. 

0.««7 

1 

11.53 

0..59 

0.64 


0.65 


respiratory quotient is as hi^h as 1.30, in this ease tlie eonsuniption 
of atmospheric O2 inereases, and the respiratory quotient deerea- 
ses to 0.59. From an available raw-material containin^? C, H, O, and 
X the superfluous is peeled off by combustion to (IO2 and HgO und(‘r 
absorption of the necessary ainount of Og; this reinodellinf? of ttu^ 
nutrient material determines the direetion of the deviation of the 
respiratory quotient from the eombustion quotient of the raw- 
material. If this is higher than the eombustion quotient of the eell 
material — eompounds of hyper-quotients aeeording to the terniino- 


Table 13. The elementary composition oj Aspergillm oryzae hypha<\ 
cultivated on different C and N nutrients, 

(Yama(4ata 1934). 


Source of C 

Source 
of N 

H y p li a e 


Empirieal composition 

(''ombustion 

quotioiit 

Glucoae. 

NH 4 CI 

t^40»ff717B283N44 

O.035 


KNOa 

f^416^788Bg37N 35 


Mannitol.... 

NH 4 CI 

t?408H70»t^838N49 


1 

KNOa 

^401^717^^236^48 

0.927 

I Glycerol .... 

NH 4 CI 

f^413^^700^218^61 

0.953 


KNOa 

^^416^748^)831^^41 

0.911 

Ethanol. 

NH 4 CI 

CJ4ll®74lt)8i8N 43 

0.915 


1 KNOa 

f^412H75t08a7N48 

0.915 
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logy of Tamiya — the waste-products appearing in the respiration 
must be still richer in O, that is to say, the respiratory quotient is 
not only above 1 but also higher than the combustion quotient of 
the raw-material, and vice versa, for compounds of hypo-quotients. 
This is clearly illustrated by Table 12. It is then indifferent if e. g. 
an excess of O of the raw-material originates in the source of carbon 
or ni trogen — that is in nitrate.^ 

With nitrate a higher respiratory quotient is obtained than with 
ainmonia, but only provided that other initial and final products of 
the metabolism are the same in both cases, which they on the whole 
always are. Starting from these results it is possible to predict the 
behaviour of higher jdanis. The sources of carbon are under natural 
conditions invariably carbohydrates with the combustion quotient 
of 1. Kespiration of them likewise gives a respiratory quotient of 1. 
Ill growth cell materials are formed with combustion quotients pro- 
bably not very niiich differing from 1, thus also in aerobically growing 
organs the respiratory quotient is very near 1, and is usually believed 
(»xactly to attain this value, which is surely erroneous except in spe¬ 
cial cases, according to the given interpretation. Tn non-growing 
organs, on the contrary, when only OO 2 and HgO but no kind of 
assimilates are formed, the respiratory quotient must equal the 
(ombustion quotient of the respired material. Sometimes the de- 
viations must be significant, however; that is if either products are 
formed of mu(‘h differing combustion quotients, or if other raw- 
niaterials than sugar are utilized. The former occurs if aerobical or 
anacTobical fermentation processes set in^, or if the conditions favour 
the formation of organic acids.^ The only example of thelatterhav- 
ing practical importance is if nitrate is assimilated. 

Now it is possible to settle the meaning of formula (10). A produc- 
tion of extra COg, that is to say a decrease in the Og consumption 
owing to the excess of O delivered by the nitrate^ only implies that 
the products fonned are approximately the same with nitrate as with 
other sources of nitrogen. The excess of O is levelled by the gas ex- 

^ This interpretation is in agi‘c<’nient with the formulas deducod by Yamaoata 
and with her computations, though the authoress heraelf finds that her results 
unreaervedly support the It^ws goiierally valid deduction by Warburo and Nege- 

LEIN, 

* Cf. Ruhland and Kamshorn 1938, also Wanner 1944. 

® On the presumed formation of oxalic acid in th© course of the nitrat© assimila¬ 
tion see Bbnecke 1903, Muller 1923, and th© criticism and amendment by 
Oj.8KN 1939. Organic acids — pref erably malic — ar© always formed in balan- 
cing an excess a(‘.cumulation of mineral cations over anions, se© Ulbich (1941), 
Burström (1945), but this is not specially relatod to the nitrogen metabolism. 

* It is obvious that a ris© in CO, production is equivalent with a decrease in O j 
consumption; in both cases the respiratory quotient increases; the absolute amounts 
of respiration ar© difficult to compare in cases of different nitrogen nutrition, sino© 
also the rate of growth must be considered. At least it has not been possible hitherto, 
except in Yamaqata*s experiments. 
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change witli the air. The possibility that specifically other end pro- 
ducts are formed in tlie assimilation of nitrate than in that of ammo- 
nia, is not snpported by any reliable data.^ 

A production of extra COg in exact agreement with formula (10) 
thus only shows that no by-produets arising during the reduction of 
nitrate are withheld in the cells, but it is not proof of the energeti- 
(*al connection indicated by reactions (8) and (9). 

In carbon heterotrophic organs the assimilation of nitrate must 
nevertheless be linked with respiration in some way or other. The 
seheme proposed by Waiibitbg and Keokletn in formulas (8) to 
(10) implies a wholly anaerobic reduction of nitrate and desmoly- 
sis of sugar, and even this assumption seeins to be rather dubious. 

It was emphasized that in wheat roots the assimilation proceeds 
in a Mn eontaining system. There are some resnlts indicating that 
also one part of the aerobic respiration is promoted by Mn ions 
(Lundegårdh 1939 a). This part is the fundamental respiration, 
linked with the absorption of anions. Tlu* importance of the funda¬ 
mental respiration is unknown, and it has not been directly connec*- 
ted with assimilation of nitrate and protein syntliesis. If it holds 
true that it is catalyzed by Mn it seems probable, however, that it 
is the one respiration eoupled with assimilation of nitrate, since there 
are hardly several Mn-systems operating simultaneously in the roots. 
The anion respiration, on the other hand, seems to be a process spe- 
cific to the mechanism of ion absorption. It deserves to be mentioned 
that the fundamental respiration is a very siable reaction, ils inten- 
sity being only little affected by the nutritional conditionvS. Thus 
it is improbable that it is solely one side of nitrogen reduction and 
protein syntliesis, but it must be interpreted as being a general break- 
down of carbohydrates, which by means of certain intermediary pro- 
ducts may eventually among other reactions also maint-ain the assi¬ 
milation of nitrate. In any case it is a normally a(‘robic oxidation. 

In aseptic pulp of wheat roots the assimilation of nitrate increa- 
ses with increasing oxygen tension and is obviously dependent upon 
aerobic respiration (Burström 1939 c). Yamagata also States that 
in Aspergillus there is an absolute increase in the ac^robic respiration 
and a decreased utilization of energy in the presence of nitrate, if 
the free energy is put in relation to the amount of cell matter pro- 
duced. In this strictly aerobic fungus the metabolism is, as Yama- 
(UTA has pointed out, entirely linked with aerobic respiration. Even 
in Chlorella studied by Warburg and ]Nj:geIjEIN, the normal pro¬ 
cess of nitrate reduction ceases at anaerobiosis and is replaced by 
a pathological formation of nitrite, wherefore all experience hitherto 
argues in favour of the opinion that the source of energy of the qi- 

» The higher production of amino acid amides from ammonia can be neglected 
in this connection. 
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träte assimilation in carbon heterotrophic organs is some kind of 
aerobic respiration. This does not only explode the energetical signi- 
ficance of reactions (8) and (9), but it also contradiets a general con- 
nection between the reduetion preceeding assimilation of nitrate 
and the denitrification process.^ 


b. Assimilation of nitrate and carbon dioxide. 

The importance of the supply of carbohydrates for the nitrate as¬ 
similation leads to a close direct or indirect connection between the 
assimilation of nitrate and carbon dioxide in phototrophic organs. 

Some data make evident that in certain instances protein must be 
r<»garded as a primary produet of a photosynthetical process, invol- 
ving the simultaneous assimilation of carbon dioxide and nitrate, 

That protein and nitrate substitute each other as the visible re- 
Hults of photosynthesis has been more or less convincingly demon- 
strated several times. The reasons advaneed in chapter 7 as to a 
light-induced and perhaps photochemical assimilation of nitrate 
favoiirs the idea that the latter in some way or other is directly con- 
neeted with the carbon dioxide assimilation, but cannot answer the 
question as to how they are conneeted. Already Timibiazew (1890) 
made evident that starch is not formed in light of short wave-lengths, 
whicli aceording to several statements favours the nitrate reduetion 
and protein formation. This may support the theory of a light- 
induced nitrate reduetion, but it does not show whether the carbon 
deposited in proteins is derived from carbohydrates primarily formed 
in the photosynthesis or not. 

Sapoznikow (1894) showed that the amount of carbohydrates 
formed in the photosynthesis is less than would be expeeted from 
the amount of assimilated carbon dioxide. He coneluded that also 
other Products than carbohydrates are formed in the photosynthe¬ 
sis, and he identified them with protein. He went as far as to regard 
the latter not only as one primary produet of photosynthesis but also 
as the only one, from which subsequently carbohydrates arise. Of 
course this conclusion was not binding, especially as he did not show 
that the protein synthesis takes place only in light. 

In wheat leaves this holds true, however (Bxtbström 1942, 1943 a, 
b). In darkness there is no assimilation of nitrate (Table 8), in light 
the amount of carbon deposited in carbohydrates is obviously smal¬ 
ler than the one assimilated, but only in the presence of nitrate or 
perhaps an excess of ammonia, which latter has bearings primarily 
on the secondary synthesis. The missing formation of carbohydrates 

^ On the other hand it should be worth while to compare the bacterial denitri- 
heation with the raptd nitrite produetion at anaerobiosis by Chhrella. 

5- 45441 Kungl. Lantbrukahögskoktna Annaler Vol. 13 
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is thus related to the assimilation of inorp^anie nitro^?en and forma¬ 
tion of organic iiitrogen compounds. A quantitative analysis of the 
ratio between C and N of these other products formed in the photo- 
synthesis has revealed the following facts. The ratio is independent 
of the light intensity; under the fairly normal groA^ing conditions of 
Table 8 it amouiits to e. 15 atoms of 0 on 1 atom of N. The low con- 
tent of N indieates that they can hardly be any simple eompounds 
of the type of protein or amino acids. The 0:N ratio varies with the 
age of the leaves, however. In full-grown leaves it is lower and aj)- 
proaches the value of 3.9 (Table 14), whioh is the average C:N ratio 
of amino acids and protein. Tn these leaves are reprodueed the experi - 
ments of Sapoznikow showing a formation of carbohydrates and 
protein or their precursors in tlie photosynthesis. 


Table 14. The assimilation of CO^ and nitrnte in growing and 
fall-grown irheat leain^s. 

Compiited pro g fresh matter and 24 h. (HrasTitoM 1943 b). 


o n (1 1 1 i o fl fi 

CO2 

asMimiiated, 
C()m])iited as 
minol hrxose 

Nitrate 

asHimilated 

inriKil 

Sugars 
of tlio 
leaves 

Hatio C : N 
of otlier Pro¬ 
ducts than 
sugar 

Ist leaf, full grown 

light 9000 lux. 

1 

0.007 ! 

0.040 

-h 0.05.1 

5. 4 

3.5000 » . 

0.260 1 

o.o.'»r» 

^0.2.11 

3.8 

2nd leaf, growing 

light 9000 lux. 

0.071 j 

0.024 

1 

t* 0.003 1 

17.0 1 

35000 »> . 

0.221 1 

0.045 

-4-0.084 1 

1K.3 ; 


It is now possible to explain the high riitio of the assimilates 
of growing leaves. This is obviously due to the growth, that is to 
say that following the formation of protein also other substances 
necessary for the building-up of cell matter are i>roduced: lipoids, 
wall material, and other compounds poor in nitrogen. Together 
Airith the protein they contain C and N of the ratio c. 15, and the con- 
stancy of the ratio for a given type of leaves only mesans that the 
leaves grow uniformly though at a different rate, dependent upon 
the intensity of the photosynthesis. 

That protein arises during the photosynthesis appears from the 
laeking consumption of nitrate in darkness, but it is not quite elear 
if it must be regarded as a primary product itself, or if not only the 
photosynthesis in necessary for delivering carbohydrates in such 
amounts that the protein synthesis as a secondary reaction is kept 
going, though this was denied already on aecount of results recorded 
above (p. 52). Experiments with a low content of ('Oj of the air 
further stress this result (Table 15). 
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Table 15. The relation between light^ assimilation of earbon dioxide 
and nitrate, and formation of sugar in excised teheat leaves at a re- 
dueed content of CO^ of the air, 

Cf. Table 8. (Bithsthöm 1943 a). 


. 

COj fiMHiinilation 

1 CO.bound! 1 

Lij^ht 

, 1 

■ 

in other 1 . . 

lux 

appariMit ' roal 

i i 

f initially 

- 1 1 . 11 assimi- 

formed j prt,cliictH mitially 1 

i ' 1 


I 0 

- 0.050 

9 1 ] 


~ 0.050 

0 



0 

2900 

- 0.038 

O.0I8 i 

1 

1 

“ 0.054 

0.010 



0.000 

8800 

-0.o:u 

0.022 ; 

' 0.U4 ; 

— 0.0.51 

0.017 


^ 0.081 1 

0.007 

: 18000 

O.OlO 

0.037 : 


— 0.0.51 

0.032 



O.OlO 

30000 

0.0I8 

0.038 ; J 


-0.055 : 

0.O37 


1 

0.012 


Tho initial (*ontcnt of carbohydrates of the leaves is here rather 
higrh and about one third is eonsumed in rospiration durin^? the time 
of experiment. In li^ht the respired earbon dioxide is jiartly re-assi- 
milated, not to earbohydrates but parallelin^? an assimilation of 
nitrate quantitatively to other products of the same relative eompo- 
sition as with a normal content of COg of the air. This follows from 
the constant loss of sugar, whieh equals the respiration in darkness. 
It is obvioiis that a respiratory break-down of sugar is not sufficient 
to promote an assimilation of nitrate, nor is light alone, whieh appears 
from the intensities of nitrate eonsumption in Tables 8 and 15. 
Th(‘ erueial point is that if earbon dioxide is assimilated, then assi¬ 
milation of nitrate will follow, even if this transformation of CO 2 
is small as eompared with the respiration, and does not imply a signi- 
fieant enhaneement of the earbohydrate balanee at all. 

Studying the lethal effeet of withdrawal of CO 2 from Helianthns 
leaves in light Kombeck (1943) found it depending in the first hand 
on the ehanged nutrient eonditions, eaused by defieieney of earbo¬ 
hydrates. Exeeptions were found; the reduetion of nitrate was 
(*heeked mueh more than was to be expe(*ted from the lack of ear¬ 
bohydrates. The general pieture is the same as with wheat leaves, 
though no definite eonelusions eould be drawn. 

Evidently the assimilation of nitrate is not — energetieally or 
else — linked with respiration, nor does it proeeed at the expense 
of preiormed earbohydrates, but only in direct connection with early 
stages of the CO g assimilation. Protein or their precursors must b(‘ 
regarded as direct products of the simultaneous photosynthetical 
iissimilation of COg and nitrate. This is, in fact, only the logical con- 
sequence of the results arrived at in the foregoing section, namely 
that the assimilation of nitrate is induced by light in the leaves. 

It is also woTth mentioning that at low to medium light intensities 
— up to 9 000 lux — the assimilation of CO 2 to carbohydrates is 
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independeiit of the protein synthesis (Burström 1943 b). The ecolo- 
gical importance of this fact will be dealt with below; as to the me- 
ohanism of the nitrate assimilation it indicates two different photo- 
ehemieal proeesses according to the sehemes: 


or 


CO > + NO 3 + light protein, and | 
CO 2 + light — carbohydratesj 
NO 3 -f light- - protein, and | 

CO 2 + light ^ carbohydrates. j 


( 11 ) 

( 12 ) 


Reaction ( 11 ) implies two absolutely independent photoehemical 
I)rocesses, reaetion ( 12 ) that COg and NO 3 are separately redueed 
photoehemically, but some intermediary produet of the CO 2 reduc - 
tion reacts with some decomposition produet of nitrate, together 
giving protein. A decision between these two possibilities would 
iinply a knowledge of the mechanism of the light aetion on both car- 
bon dioxide and nitrate which is still remote. 

Similar conclusions are drawn by Sommer (1936 b) showing that 
algae in light produce nitrite and formol, whieh are supposed to reaet 
with each other according to the scheme x>ropo 8 ed by Baly, Heil- 
BRON and Hudson (1922): 

0-N~OH yN-OII 

O - N-OH + - - O -- H-r ( 

h-(M)h \oh 

nitrite light aeti- forinhyciroxamie 

vated formol aeid. 


The formhydroxamic acid would serve as a raw-material for tlie for¬ 
mation of other organic N-compounds.^ Only little differing from this 
scheme is the one formulated by Baudisch (1921, 1922); 


O N-OH 

nitrite 


o + H-N-0 + H-C 


/O 

\n 


-H-C 


/N-OH 

\OH 


nitroHyl formol formhydroxamic 

acid. 


The meagre physiological proofs of these opinions have already 
been quoted. It is only worth mentioning that according to Baly 
and al. the condensation of formol with nitrite takes precedence of 
the condensation to carbohydrates because of which the latter are 
only formed in the absence of nitrate. Eesults with wheat leaves 
point in the same direction (Table 15, Bxtestböm 1943 a, b): sugar 
is formed as a surplus produet; at an ample supply of nitrate and shor- 


1 Balv, Hi:n.BBON, and Stern (1923) likewise asHume a photoHynthetieal as- 
gimilation of ammonia and carbon dioxide, not by the way of carbohydrates. 
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tage of CO 2 no sugars at all are formed. 8 ommeb could not verify 
this fact on her material, however. 

In spite of the obrious parallelism between the light-induced assi¬ 
milation of nitrate and the two hypotheses there are no direct proofs 
of their correetness. It must also be remarked that the hypotheses 
presuppose an intermediate formation of formol in the CO 2 assi¬ 
milation. This is doubted, however, in recent investigations (Kvben, 
Hassid and Kamen 1939), and then the hypotheses must be defini- 
tely rejected. Of enurse, other models of photochemical nitrate assi¬ 
milation are possible, also with an intermediate formation of carbo- 
nie acids, as supposed by Kuben and al. Before the mechanism of 
the (^02 assimilation is settled, it is no use trying to penetrate further 
into the meehanism of the protein formation. 

To what extent these results can be applied to other phototrophic 
organs can not be decided, since comparable investigations are wan- 
ting. It has been noticed in some instances, however, that nitrate 
supply causes an increased assimilation of CO 2 .* Then it must be 
considered that enhanced nitrogen supply normally increases the 
(jhlorophyll content of leaves. Pibson has eliminated this error by 
(*omputing the assimilation in relation to the chlorophyll content, 
and still finds an increased assimilation. Since addition of ammonia 
has an opposite action, apparently by increasing the respiration, the 
effect is ascribed to nitrate as such. 

This opens up an interesting field of ecological considerations. 
In wheat leaves nitrate increases the total assimilation of CO 2 only 
at low light intensities, at higher intensities, the COg assimilation 
not longer being limited by the light factor but by supply of CO 2 
or chlorophyll content, such an increase is not possible, and in fact 
it does not occur, Thus at low light intensities nitrate enhances the 
utilization of light energy and improves the carbohydrate balance. 
This must especially be evident as compared with ammonia-fed 
plants, in which not only the rise in the CO g assimilation is absent, 
but also the carbohydrate reserves are required for the larger forma¬ 
tion of amino acid amides. The logieal consequence is that e. g. 
shadow plants generally would prefer nitrate for ammonia, as a 
means of improving both energy utilization and carbohydrate ba¬ 
lance, but with decreasing light intensity the nitrogen supply would 
become a limiting factor of the first rank owing to the slower nitrate 
assimilation, and finally give preference to ammonia as a source of 
nitrogen. Speculations in the absence of observations are premature, 
however, since the conditions are complicated by the nitrate' assi¬ 
milation within the roots proceeding also in darkness, but at least 
the distribution of the nitrate assimilation and protein formation 
between roots and leaves ought to be characteristicaUy different in 

^ Gassneu and Gokzk 1934, Hamnrr 1936, Pirson 1938. 
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shadow and sun plants, both as regards differently modified indi- 
viduals of the same species and eonstitutionally differin^ species or 
ecotypes. The eonsequences tliis may have for chlorophyll formation, 
anatomical texture, and other proi^erties, dependiri^ upon the pro¬ 
tein content of the or^^ans, are obvious. 


10. Theories of the nitrate assimilation. 

In only a few plant materials has the nitrate assimilation been so 
(»losely studied as to render a view of the general features of the pro¬ 
cess j) 0 S 8 ible, viz. in Aspergillnttj ChlorcUa with some other alf^ae, 
and roots and leaves of Triticum. A eomparison of t In* results has 
rcvealed that they can not be compiled into one uniform seheme; 
this is elearly obvious from the j)reeeedin^ diseussion. 

The main results with these objeets ean be briefly summerized as 
follows: 

Aspergillus. Assimilation takes plaee in darkness with respiration 
as the souree of ener^ry; it is loealized to the (*ell surfaee and is appa- 
rently promoted by Mo. Nitrite and ammonia may appear in rela- 
tiv^ely lar^e amounts even under favourable livin^ eonditions. 

-roots. Assimilation in darkness, thus eormeeted with re- 
siuration; it is loealized to the root surfaee and eatalyzed primarily 
by Mn. Some results indieate that nitrite is not formed as an inter- 
mediary produet, and under normal eonditions neither nitrite iior 
ammonia appear in si^jnifieant amounts. 

Chlorella and other alj?ae. Assimilation ean take plaee in darkness, 
and the alga is able to live carbon heterotrophieally. Assimilation of 
nitrate is then eatalyzed by Mn, whieh might be replaeed by other 
heavy metals. Nitrite does not appear in darkness if not oxygen is 
exeluded, then it is supposed to be a by-produet of the reduction. 
— Assimilation of nitrate in light is very ineompletely studied, it is 
supposed to be a photoehemieal i)roce88, involving an intermediate 
formation of nitrite, but this opinion is rather badly supported; 
actions of speeifie heavy metals are unknown under sueh eonditions. 

Tntie^m-leaves. Assimilation is light-indueed, <*onneeted with 
the assimilation of CO 2 and independent of the respiration. The 
localization is unknown, but in other leaves it is supposed to take 
plaee in the chloroplasts, whieh also tallies with its eonneetion with 
the photosynthesis. Ammonia is not formed as an intermediary pro¬ 
duet, the reduetion stops on the nitrite or hyponitrite levels. Actions 
of heavy metals have not been studied. — A very slow assimilation 
possibly oceurs in darkness. 

Around these data group the single observations made on other 
objeets, though conflicting statements are also reeorded. 
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The necessity of assuminj? different mechanisms for the nitrate 
assimilation in phototrophic and carbon heterotrophic organs has 
already been emphasized; the boundary between the two types of 
organs is obvious in the above collocation. But not even the re- 
sults obtained with the three carbon heterotrophic objects, Äspergil- 
Ju8^ Tritieym-Toot» and heterotrophically cultivated Chlorella^ are in 
full agreement. It is improbable, however, that the mechanism of 
such a fundamental and wide-spread process as the assimilation of 
nitrate should be different in not far from every material studied. 
Thus it is necessary, at least as a working hypothesis for further in- 
V cstigations, to make an effort to compromise the results and ascribe 
the discrepancies to only quantitative differences. Phototrophic and 
(»arbon heterotrophic organs can not be combined, however, but must 
be treaied as two separate types. In the following discussion certain 
simplifications and omittanees of single facts have been necessary, 
otherwise any general conclusions would have been impossible, 
which follows from the number of eontradictory data recorded in the 
fore-going seclions. Thus the following summary is no objective 
collocation of data, but an attempt to outline a hypothetical picture 
of the mechanism of the nitrate assimilation, as far as this is possible 
at present. — No referen(‘e8 have been made to the literature, since 
all (lata re<‘orded are easily found in the preceeding sections. 

In carbon heterotrophic organs, the typ(»s of which are roots and 
fungus hyphae, the same cells perform both the aetive absorption of 
nitrate and the assimilation. In faet both processes foUow closely 
upon one another, and the assimilation is also localized to the cell 
aurface. As soon as the nitrate ions enter the cytojdasm they are 
attached to some colloidal jdasni constituent, and there the nitro- 
gen reinains during the following stages of reduetion. The more firmly 
the nitrogen is bound, the more is a normal progress of the reduetion 
secured, and by-reaetions are avoided. During the reduetion the 
nitrogen passes the oxidation levels of nitrite and of ammonia before 
it is finally assimilated, but the nitrite and ammonia sometimes 
appeariug in the free state or even exosmosing are not the normal 
intermediary stages but by-produets arising owing to a weakened con- 
nection between nitrogen atom and cytoplasm constituents. JSehe- 
matieally this was vizualized by formula (4), which is completed in 
scheme (13). 

PL denotes the cytoplasm constituent, to which the nitrate is 
attached. It must not necessarily be only a passive carrier, but may 
represent a fundamental part of the reducing system. The nitrogen 
atoms of different oxidation levels may constitute ions or molecules 
bound by head- or by-valencies, or atom-groups in regular organie 
linkage with the carrier. 

Nitrate is at first reduced to the nitrite level. In equilibrium with 
the bound nitrate and nitrite stand freely diffusable ions — or per- 
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Scheme of the reduction and assimilation of nitrate in carhon 
heterotrophic organs. 


Substrate. 


I 


5* 

;:S 


t 


Plant. 


Ä 

a 

©* 


1 

i 


o 

s 


N03 

- 

PL-NOs - (HNO 3 ) ^ - XO 3 

Mn, Mo 
(Pel) 

+ carbohydrates (respiration) 

'l' 

Pl.-EOt ' HNO2 * • no; 

|\Mn, Mo 

i (P''?) 

4- carbohydrates (respiration) 

unknown interinediary products of 
the oxidation levels of hyponitrous 
acid and hydroxylamine. 

i 

Pf.-NHs - -- * NH3 ^ • MI 7 

+ carbohydrate 

I derivates secondary 

^ protein formation, 

RC-NH» 7 deamination. 


(i;t) 


haps nitrous acid molecules — in the cytoplasin solution. The lin- 
kage of nitrate to the carrier may be ineomplete, since both roots 
and fungi are able to give off nitrate to the external medium. Ni¬ 
trate also easily passes the cytoplasm and accumulates in the cell 
sap. Especially in nitrate-storing cells the equilibrium is strongly 
shifted towards free nitrate ions, -*• NO3. This can be brought abont 
in every c.ell by heavy additions of nitrate or be constitutionally 
conditioned by a low capacity of the carrier system, illustrating the 
two main principles causing nitrate accnmulation: large supply and 
slow reduction. 

Most interest deserves the equilibrium on the nitrite level. Accor- 
ding as it shifts towards free nitrite the chances increase for the re- 
active nitrous acid to be involved into by-reactions. In this respect 
a gradual difference seems to exist between roots with little or no 
free nitrous acid and hardly any by-reactions, and fungi norraally 
abundantly delivering nitrous acid. The capacity of the carrier sys¬ 
tem to bind nitrite is scarcely larger than that öf nitrate. As to ni¬ 
trate this may lead to accnmulation of nitrate in the cell sap, nitrite 
in excess on the other hand is destroyed in by-reactions. One sucli 
is the formation of N „ escaping in gaseous form, another is probably 
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a sometimes ob»erved, unusually rapid formation of free ammonia. 
These reactions are more pronounced in fungi than in roots, illustra- 
ting a shift of the equilibrium PI.-NO 2 ^ HNOj towards the 
right. 

In aseptical pulp of wheat roots at pH 7.5 only nitrate but not 
nitrite is consumed. This would indicate that the bound nitrogen on 
the nitrite level stands in equilibrium with nitrous acid molecules 
rather than nitrite ions: 

PL-NO2 ^ "" HNO2 - - NO2 (see also scheme 13 ). 

A t pH 7.5 the coneentration of HNO 2 is negligible, and thus the 
reaction towards the left does not proceed at a measurable rate if 
nitrite is added. Of course the consumption of bound nitrate accor- 
(iing to reaction (13) can tako place independently thereof, If the 
same holds true also on the nitrate stage this would explain the appa- 
rently weak binding tendency of nitrate to the carrier system. The 
remarkable supranormal reduetion rate in the presence of strong 
HNO 3, with a decreased relative activity of the nitrate ions, is then 
explicable. This has been indicated in scheme (13). It seems even 
pertinent to consider the probability that nitrogen already on the 
nitrate and nitrite levels enters into some regular although reversible 
organic linkage with the cytoplasm system, which would even more 
emphasize the nature of the appearing inorganic produets of by- 
products and not the very int^ermediary steps of the reduetion. 

All experience argues in favour of the opinion that also the redue¬ 
tion level of ammonia must be reached before the nitrogen is defini- 
tely assiniilated to amino nitrogen. If the above considered points 
of view are applied also on the ammonia level, and with due attention 
given to the possibility that nitrogen enters into organic linkage on 
an earlier level, it appears that the liberation of ammonia following 
a reduetion of nitrate can hardly be distinguished from a deamination, 
(ionventionally regarded as a step of the catabolic processes. As was 
emphasized earlier it is difficult to settle the true origin of appearing 
ammonia, it might be that the distinetion between ammonia as a 
produet of nitrate reduetion and deamination is even theoretically 
unjustified. 

The main chain of reactions of formula (13) has been drawn as only 
proceeding from nitrate to amino-N. The question arises whether 
the reactions are reversible and nitrate is also formed by a successive 
oxidation of organic N, passing the same intermediary steps as the 
reduetion process. The problem has been cursorily diseussed above, 
and not much is to be added. The obviously oceurring formation of 
nitrate under certain circumstances in higher plants is very imper- 
fectly known. The only positive statement i» that the stage of free 
nitrite (or nitrous acid) should not be passed, which it should not 
either according to formula (13). The autolyzing conditions necessary 
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for the formation of nitrate are ^enerally very ill-defined, and the 
question has to be left open for further resoarch. 

It is rather oertain, on the contrary, that the baeterial nitrifiea- 
tion process has nothin^? in common with this nitrate formation nor 
with the reduction; the same seems to hold true of the baeterial deni- 
trifieation, whicli is a reduction process in (»ertain respeets differin^ 
from the reduction initiatini? the assimilation. 

Assimilation of nitrate of this kind is further ener^etically linked 
with respiration or some other form of carbohydrate desmolysis; 
the assumption is nearly axiomatic, as well as the one of carbohy* 
drates as sources of carbon for formed proteins and amino acids. The 
intermediary decomposition produets of the (*arbo]iydrates reaetin^r 
with the reduction produets of nitrate fire iinknown, however. They 
mi^?ht be orpinic acids, such as oxalo-a(‘eti(* acid or pyruvic* a(*id, 
known to arise in the desmolysis of surrar, or succinic or ^jlutaric 
acids. Speculations as to the followinjr reaetions are premature 
because of lack of biochemieal data. This is especially evident from 
the elaborate scheme of organic acid and protein transformations 
developed by (^hibnall (1939). This author sinqdy and correctly 
summarizes tlie present knowledge of the Chemical steps of tlie ni¬ 
trate assimilation following the reduction to the nitrite level on one 
single line: )>The later stages are still not well understood.» 

Tn the nitrate assimilating system heavy nudals en ter as active 
principles: in Triticum^Toots Mn, in algae Mn or other metals, and in 
Aspergillns apparently Mo. Much more experience is needeni from 
other plant materials to decide to what extent the metals can re])la(‘e 
each other, or if more specific aetions also oceur. The j)henomenon 
itself — it must be regarded as rather probable that such a replace- 
ment oceurs — can be explained by the very simple way, in which 
the active Mn-ions are found to be adsorbed to the plasm constituent. 
It may be assuined that the colloidal constituent PL of scheme (13) 
also represents the carrier of the Mn-atoms. The combination PL 
-Mn thus denotes the complete Mn-ferment binding and reducing 
nitrate. It seems probable that one Mn-system promotes the whole 
sequence of reduetions involved in the assimilation process. 

In green phototrophic organs the assimilation of nitrate follow^s 
quite another scheme. It is here intimately dependent upon light, 
and the reduction of nitrate is probably a photochemical reaetion 
itself, though this problem is far from definitely settled. It is further 
cnupled with assimilation of OO 2 , no utilization of nitrate taking 
place without supply of COg even in light, and stored carbohydrates 
cannot be utilized for the assimilation of nitrate. The souree of energy 
must be light and not respiration, and the simultaneous assimilation 
of CO 2 delivers the C-compounds of which protein is built up. It 
may be assumed that the inorganic reduction of nitrate stops on the 
nitrite or hyponitrite levels. 
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There are at hand two possibilities, shown by schenies (11) and 
(12) of explaining the connection between assimilation of nitrate 
and CO 21 but a deeision between them is impossible at present. Thus 
8 (*heme (3) ean only be completed as shown by scheme (14). 

Scheme of the reduction and ansimilation of nitrate in green leavea, 

- XO:, 

- NO 2 or nm)> 

(14) 


Only the formation of protein is eonsidered in this formula; earbo- 
liydrates are formed from the surplus of redueed COg, whieh is not 
<*ngaged in the synthesis of protein. 

Apart from t hese results very little is known of this process, and 
hyi)otheses advaneed in order to explain the Chemical transformation 
of nitrate in light are scareely more than speeulations. Obviously 
this is rnainly due to lacking knowledge of the mechanism of the COo 
assimilation, witli whieh the phototrophic nitrate assimilation is in- 
separably linked. 

The fundamental difference between this process and the nitrate 
assimilation of heterotrophic organs does not only rest on the diffe- 
rent souret* of energy, respiration of earbohydrates in one (»ase, and 
light energy in another. Equally important is the different eonnec- 
tion with the ('-metabolism. The dark-assimilation of nitrate is 
conneeted with desmolysis of earbohydrates, and the C-compounds 
together with nitrate forming protein are dissimilation i)roduct8; 
in tlie light-process the assimilation of nitrate is independent of both 
synthesis and desmolysis of earbohydrates, and the organic N-eom- 
f)ounds arise as primary assimilates parallel with the earbohydrates. 

This charaeterization emphasizes the importance of the photo¬ 
trophic assimilation of nitrate as one primary synthesis of organic 
N-compounds, whieh must exist as a fundament of the ereation of 
living matter from inorganic raw-materials. The assimilation of ni¬ 
trate conneeted with a dissimilation of earbohydrates implies the 
ready existenee of elaborate systems capable of building up organic 
matter and breaking them down again, whereas the light-induced 
assimilation of CO g and nitrate is known from a wholly inorganic 
system to deliver organic, though not organized, material. 
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Just as heterotrophic organisms, in spite of the sometimes apparent 
simplicity of their organisation and living functions, are derived from 
autotrophic and for their existence compulsorily dependent upon the 
existence of the latter, the assimilation of nitrate eonnected with 
respiration must be regarded as a secondary property of the living 
cells, gained during the phylogenetical development of the plants. 
Bqually, the chemically easily understood and well known protein 
formation by amination — reamination — peptid — polypeptid for¬ 
mation cannot represent a primitive way of protein formation, but 
since this mode of nitrogen assimilation is less pretentions than the 
light-indueed reaction with respect to the ecological demands, it 
has attained a more wide-spread occurrence in plants and organs of 
different kinds than the light reaction, restricted to organs capable 
of utilizing light-energy. 

Tt is not known if there are autotrophic*, plants lacking the dark- 
system and wholly left to the phototrophic nitrate nutrition. Algae 
can live heterotrophically in darkness and are equipped also with the 
dark-systern, and even green leaves may with some difficulty develoj) 
wholly carbon heterotrophically. It is rather hopeless to look for 
primitive plants which might fullfill this dernand, sin(*e the plant 
cells in general are very uniformely organized, and physiologically 
singular types mostly must be regarded as derived and specialized 
forms. 

Botauical Laboratory Lund, May 1945. 
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Some reflections about old and new points of 
view on the soil complex. 

By LAMBKRT WIKLANDER. 

From the Inatitute of Pedölogy. 


Evcr sinoe Ross (1927) showed that erystalline clay minerals are 
universally present in soils, mucli interest has been devoted by 
erystallographioally minded pedolopsts and geologists to studies 
of the elay fraction. By usin^f X-ray analysis, the electron micro- 
seope and thermal methods, attempts have been made to identify 
the elay minerals and to explain their erystalline strueture, as 
well as to interpret, with the aid of the results thus gained, many 
of the Chemical and physical properties of the so called soil complex. 
In the first line, interest has been devoted to the ionexchange proper¬ 
ties of the clay minerals and their relations to water. 

Most scientists within this sphere now seem to agree that, setting: 
a side small possible amounts of quartz and felspar, clay colloids 
principally consist of erystalline silicates of the layer lattice type 
belonging: to either of the mineral g^roups of montmorillonite, kaoli- 
nite, or mica (Grim 1942, Schachtschabel 1943). 

Besides montmorillonite, there are several minerals belonging 
to the montmorillonite group, as e. g. the rather common nontronite 
and beidellite — the latter being of a much disputed charaeter — and 
the less frequently found saponite. Even the kaolonite group com- 
prises several minerals the most cornmons of which are kaolinite, 
halloysite and metahalloysite, The mica group — called illite group 
by Grim, Bbay and Bradley (1937) — contains several minerals 
which are like white mica, but have lower potassium and higher 
water contents than this. 

With regard to the crystal strueture of the clay minerals, it can 
be stated that the results reached by the scientists, tbough certainly 
agreeing in general, often show rather grave differences, as far as 
the details are concerned which somotimes might be considered 
<lecisive for the properties of the mineral in question. In fig. 1. both 
composition and strueture, rectangularly to the basal plane, of mont- 
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morillonite are shown, in (a) according to Hofmann, Endell and 
WiLM (1934) and in (b) a(iCording to Edelmann and Favejee (1940); 
in (c) kaolinite is represented af ter Gruner (1932) and in (d) illitc^ 
after Grim, Bray and Bradley (1937). 

These minerals have that thing in common that tliey are built 
from elementary layers which consist of one or two Si-O-tetrahedron 
planes and one Al-O-OH-oktahedron plane. The tetraliedroii 
and octahedron planes are kept together by common O-ions. Tlu^ 
kaolinite group does not swell up in water and ion exchange is lo- 
calized only to the surface of tlie crystals. The montmorillonite 
group shows a marked onedimensional swelling in water, rectangu- 
larly to the elementary layers’ surfaces, iind the space between these 
layers is so large that ion exchange can take plaee even inside the 
crystals between the elementary layers; this caiises the high ex¬ 
change capacity of the minerals. The mica group takes an interme- 
diatc position beeause ion exchange, according to Sciiachtschabet. 
(1940) takes placc both on the surface of the crystals and, to a cer- 
tain extent, inside them. A detailed description of a great nuniber 
of clay minerals with regard to their composition, structure and re- 
lationship is given in a monograph by Grim (1942). 

It must be considered as proved that, as a rule, the clay colloids 
contain crystalline clay minerals as their main (»onstituents; no pe- 
dologist will doubt this. Impressive work has been done and far 
reaching results have been achieved, mainly witli regard to the mi¬ 
nerals’ structure, but many questions are still unsolved. Unfor- 
tunately, it sometimes appears as if the clay mineral investigators 
worked somewhat onesidedly. As far as possible, they try to ex- 
plain all the Chemical and physical properties of the inorganic ion- 
exchanging material of the soil by starting from the reaelions and 
conditions of a few crystalline clay minerals, a method which often 
leads to merely hypothetical results. 

In this paper, I intend to discuss some obscure points and doubtful 
hypothesises of the theory of the clay minerals. Moreover, an attempt 
is made to reconcile certain conflicting opinions. 


Statical clay minerals as contrasted with the dynamical 

gel complex. 

The inorganic ionexchanging material in the soil which, a few 
years ago, was thought to consist mainly of amorphous aluminium 
and iron silicates of varying composition, is now considered by a 
great number of pedologists to consist of a few clay minerals which 
are welldefined with regard to their structure. However, this opinion 
is not satisfactory from many points of view. The Chemical decom- 
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Fig. 1. Crystal structure in roctangular section to the lattice plane of a. mont- 
morillonite, according to HorMAN, Endell and Wilm (1934); b. montmorillonite, 
according to Edelmann and Favejee (1940); c. kaolinite, according to Gruneh 
( 1932); d. illite, according to Grim, Bray and Bradley (1937). 
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position constantly in progress in the soil whieh eauses minerals to 
disintegrate and new ones to come into existenee, tlms (»reating soils 
of a marked variability even from identical parent material, naturally 
leads to the occurence of transitionary forms of the different mine¬ 
rals. Soil is not a statical formation but must be considered as a 
eomx>lex system in which lots of Chemical and physical processes of 
constantly changing intensity are continuously going on, bringing 
about a dynamic State of the soil which never leads to real equili- 
brium. 

Therefore, it was a matter of great interest, when Marshall (1935) 
by way of mathematical calculations could show that certain iones 
in the silicate lattice can isomorphously become replaced by others. 
This theory has later been universally acknowledged as being correct. 
Thus Marshall found that in the silica tetrahedrons Si (*an be re¬ 
placed by Al and to a minor extent by P, and in the aluminium 
octahedrons Al by Fe, Mg and Ti. 

As a natural consequence of such a change in the composition of 
the silicate latti(ie, transition from one mineral to another is made 
I)ossible, and the clay minerals can, without loosing their crystal 
structure, undergo modifications with regard to certain properties, 
as exchange cai)acity, isoelectric point etc. It is worth mentioning 
in this connection that Larsen and Stetger (1928) could prove 
the existenee of a cornplete isomorphous series of transitional mine¬ 
rals between beidellite on one side and nontronite on the other. 

Nothing is said about the velocity of this lattice ion exchange and 
about the influencing factors, but it can be assuraed that the trans¬ 
formation gets on very slowly and that it is intimately eonnected 
with the composition of the soil solution and with the weathering 
processes which, continuously in progress, are regulated by the 
different pedogenic factors. The ions in the lattice are tied together 
by the very strong lattice forces; by this reason, a change or the de- 
composition of the lattice must be a very longlasting process. This 
exchange of lattice ions must not be mistaken for the process which 
usually is called ionexchange and which consists in an equivalent 
interchange of »gegenions» inside the ion swarm with ions of the 
same sign of charge in the outside solution. This ionexchange is an 
instantaneously accomplishcd reaction. A strict limit can hardly 
be drawn between lattice ion exchange and ordinary ion exchange. 
Judging by the results of Hoagland and Martin (1933) and Bray 
and De Turk (1938), it rather looks as if there existed an equilibrium 
between the lattice bound, »nonreplaceable» and the easily replace- 
able ions. 

Kelley and Jenny (1936) have apparently come to the concep- 
tion that the minerals forming the clay fraction are dependent with 
regard to both quality and quantity from the conditions prevailing 
in the soil. They say: »It is highly probable that soil clays embrace 
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a complex series of isomorphous minerals and that certain soils 
contain one general type of clay mineral, whereas other soils contain 
a second or third type. The type actually predominating in a given 
mature soil would be expected to be that which is most stable under 
the conditions prevailing in that soil.» 

A oorresponding view is expressed by Jacob (1942, 1943). With 
the aid of X-ray spectography and the electron microscope, Jacob 
in eollaboration with other investigators has been able to demonstrate 
that in the finer clay fractions, the clay minerals showed transitional 
States between the minerals which are typical for the coarser clay 
fra(‘tions. These conditions became the more marked, the more the 
diameter of the particles decreased. Thus, the clay minerals are not 
liiiiited to a small number of characteristic minerals, but are conti- 
nuously subjected to disintegration and formation under the in- 
fluence of the conditions in the soil. 

To a great extent, this perception reconciles the opinion about 
tlie clay colloids nature as being built from distinct and statical, 
(Tystalline minerals, with the theory advanced by Mattson (1937), 
and contested by the crystallographicaUy working pedologists, about 
the gel-like soil complex as being the active part in the soil, which 
is dynamic as regards eomposition and dependent from the pedo- 
genic factors. 

Mattson ’s conception which has been very fruitful for clearing 
iip the pedogenic i)roee8ses, was theoretically well founded. The 
correctness of Mattson’s opinion was underlined by the fact that 
Hofmann (1942) found the bulk of the clay material in certain soils 
to consist of amorphous silieates. Hofmann proposes to keep up 
the name »allophane» for these natural, amorphous, hydrochloric- 
Hcid-soluble aluminium silicic acid gels. 

Sometimes, the opinion is advanced that all inorganic ion ex- 
changers were crystalline. Therefore, amorphous matter should not 
be able to perform ion exchange. Sucli a view must be rejected as 
being obviously wrong. Several technically used synthetic ion ex- 
changers which are characterized by high base exchange capacity, 
as Xa-permutite, Filtrol etc., must be qualified as amorphous accord- 
ing to Hofmann (1942). The same applies most probably to isoelec- 
trically precipitated, not aged gels of iron- and aluminiumsilicates 
as indicated by Kinne^s (1924) investigations. Rinne subjected 
aluminium silicate, which had been precipitated by Stremme and 
kept for fifteen years, to X-ray analysis and veryfied herewith that 
the silicate gel was still amorphous. Even synthetic Na- and Mn- 
permutites were found to be amorphous. 

The crystalline State is the most stabile one, and by this reason 
matter tends to pass from an amorphous into a crystalline State. 
But as a rule, the crystallization processes are of long duration. 
When iron- and aluminium silieates are isoelectrically precipitated, 
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the precipitation process is instantaneously accomplished. Therefore, 
it is difficult to imagine how any noticeable formation of crystals 
could have time to take place. Gels which have been produced 
in this way, possess such a high base exchange capacity that the 
greater part of this capacity must be ascribed to the amorphous gel^ 
even if nontraceable microcrystals should have been formed. In 
consequence, only the aeidoid theory is fitted to explaiii the base 
exchange capacity in such substances. The same applies to Hof- 
mann’s allophan clay. 


Chemical and physical nature of the surface complex. 

()n our latitudes, the soil colloids are usually negatively charged 
and act as polyvalent insoluble aeids, acidoids, becaiise they dissoeiate 
hydrogen ions which are replaceable by added catioris. But the soil 
colloids show even properties indieating that they ]iave basic pro- 

I)erties, sinee they bind anions and at the same time set free OH- 
ions. They behave as basoids. On ac(‘Ount of their aeidoid and basoid 
properties, the soil colloids can be regarded as ampholytoids wliicdi 
form salts with both bases and aeids. Abo ve the isoelectric point, 
I. E. P., the total charge beeomes negative while it becomes positive, 
below the T. E. P. In Swedish soils the I. K. P. generally lies below 
the pH value prevailing in the soil. By this reason, the total chargc‘ 
as indicated by electrophoresis becomes negative. 

In most cases, the soil colloids seem to me to be a formation of 

1) a number of crystalline clay minerals forming the main mass 
of the clay particle, the silicate skeleton; 

2) gel-like silieates of a more und(dined charaeter as to their 
c,omposition; 

3) humous matter. 

The three components are found in intimate Chemical and physical 
union with each other on the surface of the silicate skeleton and form 
the surface complex which is the active part of the clay particle. 
The relative part played by the three components varies considerably 
from soil to soil and even a little with the seasons, the latter varia¬ 
tion being dependent in the first line from the humus part. 

In this (‘-onnection, the weakness must be pointed out of the ar¬ 
gument submitted by Jacob and fellow-workers (1935) and Jacob 
(1942), according to which no amorphous gels were supposed to be 
in the soil or, if so should be the case, they were (‘onsidered to play 
only an inferior role in the base exchange. The clay fraetion (< 2 fx) 
was digested in the water-bath with concentrated hydrochloric acid 
for three hours. Herewith, the gel-like silieates which might have 
been present, were supposed to have dissolved. The base exchange 
capacity of the clay fraetion was determined both before and after 
the treatment. Jacob found that the exchange capacity had gone 
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down in certain soils while it had gone up in others. The wight 
of the sol ved substances which mostly consistcd of iron, varied from 
about ö to 40 %. Jacob and his fellow-workers concluded from this 
test that, since the gel-like compoimds had been dissolved and the 
exehange capaeity was in general unchanged, this capacity had to 
be ascribed mainly to the crystalline elay mineral. However, I 
don’t think that so far reaching conelusions can be drawn from this 
fest. By the HOl-treatment undonbtedly inore iron and aluminium 
than silieie acid is solved out of the erystal surfaces of the colloid 
particles — this is eonfirmed by the results of Gabth (1938) and to 
a eertain extent those of IIovben (1942) on treatment of soil and 
granite with diluted hydroehlorie acid — by which treatment the 
number of the active silieic-acid-groups inereases. This increase, 
in its turn, leads to a (iompensation for the losses in exehange ca- 
pa(*lty which might have been caused by gel-dissolution. As long 
as these faetors are uiicontrollable it is difficult to decide with the 
aid of sueh a testing method the relative part played by the clay 
minerals and the gel-like compounds in connection with the base 
(‘X(‘hange capaeit y. 

The humus in the soil is likely to be bound to the lattice and gel- 
like mineral part with a steadiness varying from a completely un- 
bound State with ever inereasing intensity to a very strong binding, 
a view' which is supported by Tyiuan (1938) and others. 

Even if the soil complex consists to a large extent of clay mineral, 
it is not proved that the whole base exehange capacity is directly 
dependent on the free surfaces of the erystal lattico to which I reckon 
the inner surfaces, in case that the strueture is so open that ion ex- 
change can take place inside the erystal lattice. It is most probable 
that the OH-groups which are attached to the free surfaces of the 
lattice and are bound to Si-ions, behave like acids, and dissociate 
protons and exehange cations. The mineral reaets the same way as 
silicic acid with the exception that the active OH-groups are attached 
to a macroanion. The strongly acid suspension effeet of electro- 
dialysed bentonite, consisting mainly of montmorillonite, points to 
the presence of dissociated H-ions and consequently indicates acidoi- 
dic nature. There are other inorganic ionexchanging substances 
showing the suspension effeet inereasing in proportion to the acidoid’8 
strength. The good correlation existing between base exehange 
capacity and the minerals’ specific surface which has been undisput- 
ably shown by Kelley and Jenny (1936), proves that ion exehange 
can take place on the lattice surfaces of the minerals and, presumably, 
in the way mentioned above. Kelley and Jenny have succeeded 
in raising the base exehange capacity up to several hundred perc.ent 
by grinding a couple of minerals and soil colloids. 

It has been postulated by Hofmann, Enbell and Wilm (1934) 
that the exchangeable ions are hold fast by what might be called 
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»broken bonds». The breaking up of the clay crystal results in a 
breach between Si-O-Si in the silicium tetrahedron layer and 
thereby in free bonds. According to the aforesaid investigators, 
these bonds are compensated in such a way that cations are bonnd 
whereafter these beeome capable to act as exchangeable ions in 
water. No detailed explanation is given as to how the reaetion is 
accomplished. Thus the low base exchange capaeity of kaolinite is 
explained by the fact that the base exchange is confined to broken 
bonds (Grim 1942). 

However, sneh a conception of the origin of the base exchange 
is impossible because the electro neutrality must be maintained 
both in the crystal and in its environment. In contrast, the reaetion 
is likely to take place under participation of water-moleeules. Tn 
connection with the breaking of the crystal, breaches can arise both 
in the Si-O-Si- and in the Si-O-Al-bonds. With every sjditting 
of this kind one negative and one positive bond are set free and 
thereiore one H-ion and one OH-ion frorn the water can take part 
in the reaetion in the following way: 


Si - O - Si + H + OH = Si - OH + 8i - OH 

Si - O - Al f 11 + OH = Si - OH + Al > OH 

In the crystal breach, OH-groups arise which are able to act as 
acid (Si - OH) and base (Al - OH) respectively. 

It seems to be rather unlikely that, as Kelley and others (1936 
a and b) assume, the broken bonds should polarize and adsorb water- 
molecules, »broken-bond-water», which thereafter would dissociate 
H-ions. By this, the »broken bonds» cannot get neutralized as, on 
the contrary, is the case if the reaetion takes jdace as mentioned 
above. Hendricks (1942) and others apparently intend to explain 

the base exchange capaeity of the montmorillonite-like minerals 

+-(- 

as being mainly dependent from substitutions in the lattice. Mg 

+++ 4 + 44 + 

for Al and Al for Si, followed by the forming of free negative charges 
which are compensated by the exchangeable cations. But even in 
this case, the base exchange is naturally localized to OH-groups 
acting as acids. Such a lattice substitution certainly plays an im- 
portant role in the origin of the base exchange capaeity in these 
minerals with their small particles and open lattice strueture, but 
it can be reasonably doubted if the lattice substitution is alone 
responsible for the ion exchange capaeity, as should be the case if 
the lattice was built according to Hofmann, Endell and Wilm 
(1934). In consequence, a not substituted montmorillonite of this 
strueture should have an exchange capaeity approaching zero. 
Bdblmann and Favejeb (1940) avoided this diffieulty by assuming 
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Si'bound OH-groups to be attached to the olementary layers’ sur- 
faces, fig. 1 b. The OH-groups bound to the Al-octahedrons which 
inoreover are placed inside the elementary layer-lattice, are hardly 
able to dissociate H-ions and to bind cations to a larger extent at 
the pH values which generally prevail in the soil. 

However the views mentioned above are insufficient to explain 
the exchange conditions in the soil colloids in general and especially 
in the amorphous ion exchangers. As einphasized before, the soil 
colloids consist not only of a regular lattice but have a more complex 
striicture. Anyhow, taking the theory of Damsgaabb-Sörensen 
(1941) as a basis, it is still possible to derive a reasonable picture of 
t.he exchange complex from the conception of a crystal lattic forming 
the bulk of the exchange complex. 

One coiild imagine that the charged ions or groups originating 
from the lattice are attached to the surface of the crystal lattice by 
means of oxygen atoms. These ions or groups are of a varying nature 
according to the colloids eharacter. In soil colloids which are built 
mainly from SiOg, AlgOg, FcgOa, MO, MgO and humus, the ionogen 
part principally consists of aluminiumaquo- [—Al(H 20 )a(OH) 2 l, 
ferriaquo-f—^Fe(H 20 ) 3 ( 0 H) 2 ] and silicic acid-groups [—SixOy^HaO)*] 
which are mosaically distributed and tied to Al- and Si-ions in the 
lattice by oxygen atoms. Even carboxyl-(—COOH) and phenol- 
groups (—CgIl 40 H) belonging to the humus component form an im- 
portant part of the surface complex. As far as phosphoric acid is 
found in tlie complex, it too will contribute to the charge of the 
eolloid. Other inorganic colloids as permutite, Pe-silicate and Al¬ 
and Pe-phosphate can be thought to be built in an analogous way. 

A1(H20)3(0H)3 reacts arnphoterically. Below the isoelectric point 
it behaves as a weak base thus binding protons in an ever increasing 
degree and beeoming more and more positively charged, the more 
acid the solution is. Above the isoelectric point, it reacts as a weak 
acid dissociating protons and beeoming negatively charged. These 


Decreasing H- 1 
ion-aetivity ! 

Dissociation i 
of protons 


The [—Al(H 20 ) 3 (OH) 2 ]-group which is bound to the lattice will 
consequently reaet as either base or acid in accordance with the 
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ll-ion eoncentration in the outside solution. As the {iroup is Tvritten 
now, it can be said to be in its isoelectric point. The positive charfte 
is neutralized by the 0-ion forming the bond to the lattiee. Below 
the I.E.P. the group takes up protons thris getting positive eharge 
and binding anions. Above the I.E.P., on the other iiand, the group 
will dissoeiate protons, beeome negativcly eharged and bind cations. 
The following seliematical formulas’ may illustrate the development. 

—A1(H20)3(0H)2 + HCl - —A1(H2())4()H 01 

—A1(H20)4()II01+HOl AlW)); 201 

—A1(H20)3(0I1)2 -I NaOH-A1(H20)2(0H)3 Na I HjO 

—Fe(H 20 ) 3 {()Il )2 reacts in a similar way bul. its isoelectrie point 
is somewhat lower than that of the Al-group. 

The protolysis of the silicic acid-, tlie phosphorie acid- and the 
liumus aciid-groups is also regiilated by the liydrogen ion aetivity. 
fn eontrast to the Al- and Fc-groups, these acidoidie groups only 
possess acid propert,ies and, in general, are alone responsible for the 
base binding capaeit,y of the soil colloids and for the acid reaction 
whieh the colloids show in an unsaturat(‘d State. The base binding 
capacity that can be ascribed to the Al- and PV-groups, is of a merely 
thcoretical interest in connecition witli normal soils under Swedish 
conditions, because the isoelectric. point for these groups lies so high 
that cation binding on a larger scale is scarcely possible. On lateriti- 
c,al soils, the base binding of these amphoteric groups raight yet 
be of a greater importance since the pll of the soil is often high and 
the complex is rich in sesquioxides. 

The acid binding caj)acity of the soil colloids has to be ascribed 
in the first line to the basoid Al- and P’e-groups and, to a certain 
extent, to —NHg belonging to the humus comimnent. The iso¬ 
electric point of the colloid complex is deterniined by the relative 
strength and quantitative amount of the acidoid and basoid groups. 
After all, this has been experimentally demonstrated in several 
papers by Mattson (1930, 1931). The equi-ionic point — the pH 
value at which the II- and OH-ion saturated complex can bind 
equivalent quantities of cations and anions (Mattson and Wik- 
LANDEE 1937) — which is an iraportant charaeteristie of the ampho- 
1 eric properties of an ion exchanger, is also deterrnined by the above 
mentioned faetors. 

* In the formulas, indieates tho limit betwoen colloid ion and gogenion. 
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Examining the relative replacing capacity of the ions for dif- 
ferent clay niinerals, Schachtsöhabel (1940) found that the suc- 
ec‘ 8 sioii varied a little from mineral to mineral and likewise a little 
according to the concentration. Schachtschabel drew the con- 
(»lusion tiiat the explanation had to be foiind in differences in the 
size of the cations in relation to the structure of the lattice. In a 
later paper, I intend to discuss thia phenomenon more thoroughly 
and therefore refrain from giving more than a few data. For Na, Ca 
and Ba, öoiiachtschabel found in both montmorillonite and kao- 
linite the succession in the displacing capacity to be: Na<Ca<Ba, 
a result whieh complies with the expectations. It is worth men- 
lioiiing that Mukiierjee et al. (1943) and Mitka et al. (1943) for 
tlie same mineral found a replacing capacity in the succession Na< 
Ba<Ca. 

Ileferiiig to actual data, Page (1940) asserts that those ions which 
best fit into the cavities inside the hexagonal oxygen-ion-net are 
inost difficult to replace. As far as the ions penetrate into the 
latlice and become fixed by lattice ion exchange, such an explanation 
is jdausible — the lattice which is poorest in energy is the most 
stabihi one —, but this explanation is far from being universally 
valid as soon as ions are concerned which are exchangeable in the 
usual sense of the word. For such a far reaching conclusion the ion 
exchange conditions are too complicated. In this connection, the 
extremely strong replacing energy of many organic ions can be men» 
tioned, a property which cannot be explained wdth the aid of such 
an assumption. 

In my opinion, the following statements can be made regarding 
the ion exchange: 

1 ) that the rapidly accomplished cation exchange in the clay mine¬ 
rals and synthetic silicates is localized to the OH-groups whereby 
it makes no difference if these have originated from broken bonds 
or by lattice ion exchange or if they are attached to active groups 
found on the surface. The OH-group protolyses to an extent which 
is determined by both the acidoidic charactér of the substance and 
the H-ion activity of the outside solution. 

In connection with the anion exchange, the OH-group adds protons 
according to the following formula: 


M-OH + H + Cl 




Cl, 


thus binding anions. Anomalies may occur. This is the case, for 
instance, when the charge of an exchangeable polyvalent cation is 
only partly neutralized by the ion exchanger. The rest of the posi¬ 
tive charge of the ion is compensated by anions as Cl, NO 3 , OH etc. 

7 — 46441 Kungl . LarUbrukahögakolana Annaler Vol. 13 
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These in their tum may bring about anion exchanj^e. Sucli an 
anomaly bas been deinonstrated in zinc-montmorillonite by El- 
GABALY and Jenny (1943). 

2) that tbe displacing capacity of tbe ions is dopendent on: 

a) tbo activity coefficicnt of tbe ions. Tbe lower t-his is in tbe 
inicellar solution, tbe bigger is, in accordance witb tbe Donnan 
equilibrium, tbe replacing capacity. Tbe activity coefficicnt 
indicates botb tbe valence, size, structiire and bydration of 
tbe ion as well as tbe nature of otber ions present (for tbe 
gegenions even tbe nature of the colloid ion). In tbis connec- 
tion, tbere can be no advantage to deal witli electrolyte activ¬ 
ity instead of tbe ion activity, because one bas not to do witb 
a solution of certain clectrolytes but of individual ions the 
properties of wbich to a certain extent are determincd by all 
kinds of ions present, and not by a certain solved electrolyte. 
Objeetions against the use of ion activity have been raised 
by Guggenheim (1929) whose objeetions bave later been 
einpbasized by DA vis (1942). Marshall (1944) in bis latest 
paper on deterinination of ion activity by tbe use of mineral 
membrane electrodes diseusses tbe value of these objeetions. 

b) the crystallographical and electrodynamic ionic radius (= ery- 
stallographical ionic radius -1- thickness of the bydration water 
layer) whicb can bave dccisivc importance if the strueture of 
tbe ion exebanger raises impediments for tbe diffusion of tbe 
ions to and from tbe active groups on the surface of tbo ion 
exebanger. 

c) tbe strueture of the ion exebanger in a way as indicated in 
paragraph 2 b (Wiegner 1935, Schachtschabel 1940). 

d) the relative and absolute concentration of tbe ions, particu- 
larly if tbe valences are different (Tebäsvoxjri 1930, Möller 
1935, Mattson et al. 1939, 1942, 1945, Damsgaard-Sören- 
SEN 1941, Wiklander 1945). 

e) the relation between the normality of the micellar solution 
(gegenion swarm) and tbe outside solution, particularly if tbe 
ions have different valences (Mattson and Larsson 1945). 

In a later paper, these complexes of questions will be tbe subject 
of a more detailed examination. 


Swelling and ion bydration. 

In Grimas monograpb (1942) some more recent views are mentioned 
about the relations of tbe clay minerals to water — to tbe more 
widely known views belongs that of Kelley et al. (1936 a and b) 
— and about the bydration of the more ordinary exchangeable 
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catioiis. Hendeicks and Jefferson (1933) have worked out a 
theory aboiit the structure of the water film surrounding the clay 
particies. The water dipoles are joined into six-rings the corners of 
which are formed by the oxygen atoms. The six-rings in their tum 
are tied together in such a way that the oxygen atoms are arranged 
in one plane forming a hexagonal net. The water film increases in 
thi(*kne88 when so formed planes are stored upon each other. The 
water layers are tied to each other and the lowest one to the crystal 
lattice by bonds between hydrogen and oxygen atoms. 

Aceording to Gruvt, the awelling of the montmorillonites is likely 
to be caused by such a system of water films on the surfaces of the 
(»lemeiitary layers. The water film tends to grow in thickness by 
successive superposition of new geometrically orientated water 
layers. The limiting factor is formed by the exchangeable ions which 
attract the two elerrientary layers counteracting the swelling in 
that way. The attraction increases and the swelling decreases in 
proportion to the vahmce of the ions. Small ions which more easily 
l)enetrate into the cavities of the lattice, attract less and allow a more 
intcmsive swelling. By this, the decreasing swelling under saturation 
with Nki, K and Ca is explairied. In consequence, the hydration and 
swelling of the clay particies does, aceording to this theory, not 
depcuid on the hydration of the ions or on an osmotic imbibition of 
water. Moreovcr, some investigators (Grim 1942) believe that cer- 
tain ions are not hydrated at all, e. g. Na, while others are consider- 
ably less hydrated than was previoualy anticipated, whi(*h in a still 
higher degree seems to support the aforesaid theory. With regard 
to this theory however, a couple of objections and reflexions seem 
to be justified: 

1) By energetic reasons, it must be considered unlikely that the 
water film should have such a regular structure as Hendricks 
and Jeffersois (1933) suppose. The forces at work between an ion 

and the water dipoles can be described by the expression: Jc = 

and by the corresponding expression for the forces acting between 

the dipol(»s: 1c In these expressions, »<r» is proportional to the 

charges or to the size of the dipole moment and »r» is the distance 
(Pauli and Valkö 1929). The attraction between the dissociated, 
not associated, exchangeable ions and the water dipoles must con- 
sequently be much greater than the mutual attraction between the 
water dipoles. When ion exchange takes place, the ions must pass 
through the water film and by this, the tender lattice structure of 
the water film gets deranged. This holds true both when the ions 
are not hydrated (strong acting forces) and when they are (great 
volume). The same situation arises when tln^ mineral is in equilibrium 
with the outside solution: The equilibrium must be regarded as 
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beiag of a dynamical cliaracter and a continuous exchange of ions 
with the outside solntion is therefore taking place. 

2) Once the swelling of the montmorillonite has started, it will 
not discontinue in spite of the contracting effeet which the exchange- 
able cations exert on the elementary layers. The water film tends 
to grow by the snperposition of new water layers but, by this, the 
attractive x)ower of the cations must be expec.ted to decrease, in- 
stead of increase as should be the case if the swelling was to cease. 

3) The effeet of tlie valence of the anions on the swelling of 
bentonite (Mattson 1929) is difficult to explain witli the aid of this 
theory. 

4) Under the supposition that a smaller ion leads to a more intense 
s^welling than a bigger one of the same valence do(^s, e. g. Na and K, 
because the former more easily gets into tlu^ eavities of the lattice 
thus beeoming better sereened, it is difficult to unclerstand why 
under these conditions a smaller ion should not have a. greater re- 
Xdacing (*-apacity than a bigger ion, thus Na>K. 

5) The molee.ules forrning the water film are subje(*ted to thermie 
motion. Therefore, the swelling and mineral hydration must be 
supposed to be strongly dependent on the temperature. 

With regard to the hydration of the ions, it ean be mentioned that 
Ulich (1933), on aoeount of the varying binding (‘iiergy, differeutiates 
two forms of hydration, an »engere» or ehemie.al one and a »weitere» 
or physical one. In the former type, the hydration molecules are 
bound 80 strongly that the whole comjdex a(*ts as one molecule, for 
instance in the case of ion migration. The limit betweeii »engere» 
and »weitere» hydration is drawn in sueh a way that, in the case of 
the former, the hydration molecules cannot become loosened by 
thermie molecule motion. The number of »enger» bound molecules 
is the same as the hydration number. It has been possible to de- 
termine this number by five different methods and generally with 
very good conformity: 1) by theoretical caleulation of the hydration 
energy, 2) by the ionic velocity, 3) from activity anomalies, 4) from 
the ion entropy and 5) from the electrostriction. 

It has sometimes been used as an argument against the hydration 
theories (Geim 1942) that many investigators have come to hydra¬ 
tion nurnbers which are widely divergent. These contradictions may 
be explained by the faets that the investigations have been made 
under different conditions — the hydration number for instance, 
varies in relation to the ion concentration and the temperature — 
and that the investigators in question did not give precise definitions 
of the hydration number, but in some cases may have determined 
the »engere» and in other cases the »weitere» hydration number. It 
is probable that certain gegenions, chiefly those which are asso- 
ciated to the colloid ion, can be partly dehydrated, but this does 
not invalidate the theory about the hydration of the ions and the 
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importance of the hydration for the ion exchange and for the 
relations of the colloids to water. 

According to Ulich the following »engere» hydration numbers of 
cjertain ions must be considered to be the most probable ones in 
diluted Solutions and at room temperaturer 
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A Method of Determining the Co-variation 
between Precipitation and Crop Yield. 

By GUNNAE HALLGREN. 

From the IriMtitute of Agricultural Hydrotechnics. 


To an essential degree the yield of our cultivated plants is subjeet 
to the climate factors. Of those factors precipitation is especially 
important since it, for one and the same place, p:eiierally varies within 
very lar^?e limits. Tt is therefore natural that the question of the re¬ 
lation between precipitation and crop yield should attract much 
attention from a^:rieultural authors and in eonsequence thereof a 
rich literature on this subjeet has appeared. 

A study of the extensive literature of the eo-variation between 
precipitation and crop yield is very interestinj? but it also givaB a 
strong impression of the diffieulty in determiuing elearly and con- 
cisely in what manner crop yield is infiuenc(*d by preedpitation. 
Thus the results obtained by different authors far from always agree, 
on the contrary they are often rather divergent and sometimes 
directly contradictory. 

The investigations show a oolleetion of many different methods, 
from the direct comparison between the observations to statistical 
investigations of more or less complicated charaeter. In many 
cases, especially in English and American investigations, the method 
of correlation has been used (Blair 1913, Cole 1938, and others). 
In many German investigations the so-called order-of-precedence- 
method (Methode der Kangordnungen) has been used (Holdefleiss 
1925). According to this method among others Sachsen has been 
thoroughly investigated (Scheinert 1929, Wn^^HELM 1937, and 
others). A special method of correlation worked out by Ti. A. Fisher 
(1925) has been used in several English and American investigations 
(WiSHABT and Mackbnzie 1930, Pallesen and LAirnE 1941, and 
others). In the Scandinavian countries investigations in to the co- 
variation between precipitation and crop yield have been carried 
out by among others Wallén (1917), Witte (1922), Osvald (1931), 
and Peytz (1935). In later works Prytz has paid special attention 
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to the question of the best method of determining this co-variation 
(Prytz 1938). 

What method should be nsed at the treating of a biological ma¬ 
terial must of course depend on the character of the present material 
as well as on the aim of the investigations. The essential thing is 
consequently not that a per se perfect statistical method is used but 
that the method is adapted to the character of the material. 

According to the classic view the relation between a vegetation 
factor and the crop yield describes an upward convex curve with a 
maximum point at a certain amount of the factor, whereupon the 
yield decreases at a further supply. This is the case not in the least 
for the vegetation factor water. However, investigations that have 
hitherto been carried out into the relation between precipitation 
and crop yield are based upon principles that assume a linear co- 
variation between the tested factors. This consequently causes 
that no further result could be obtained beyond the fact that the re¬ 
lation went in one direction or other. Thus, at an investigation when 
the observations were mainly concentrated on the rising part of the 
curve, a positive co-variation was obtained. On the other hand, the 
co-variation was negative, if the values were concentrated on the 
falling part of the curve. If, finally, the observations were distri- 
buted more evenly on the two sides of the top of the curve, it could 
oiily be established, that no co-variation was at hand or, in any case, 
tliat the influence of precipitation upon the crop yield was very 
vague. As an instance may be mentioned that whereas Sando 
(1922) found a signifieant negative co-variation between the wheat 
yields in Maryland and the May precipitation, Mattice (1926) 
showed a pronounced positive correlation between the spring pre¬ 
cipitation and wheat yields in Akron, Colorado. In the former case 
the mean precipitation was rather high, whereas in the latter case 
it was cssentially lowcr. It is quite natural that a more pronounced 
positive co-variation between precipitation and crop yield can be 
expeeted in regions with generally scant precipitation than where 
it is relatively rich. 

It is evident, however, that if the relation between two variables 
is not linear, it is not possible, by means of methods that assume 
linear co-variation, to draw any definite conclusions concerning the 
character of this co-variation. It is true that within certain — and 
besides rather narrow — limits the co-variation between precipita¬ 
tion and crop yield may approximately be regarded as linear. But 
as soon as precipitation shows more essential variations, and, as a 
matter of fact, it generally does, such a method may easily give mis- 
leading results. It is therefore very probable that earlier investiga¬ 
tions into this subject would have given more similar results, if the 
method had been adapted to the character of the material. 

During the last few years the author has carried out a number of 
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investigations concerning tlie relation between procdpitation and the 
yield of various cnltivated plants in different placos in Sweden. 
The aim of the investigations was, ultimatoly, to try to make clear 
within what regions and for what kinds of plant irrigation of arable 
land may be expected to give a more considerable inerease of yield 
as well as the existing mean deficieney of precipitation during various 
parts of tlie vegetation period. With regard to this it was not enougli 
to use one of the methods used at the earlier investigations, i. o. 
a method that assumes linear co-variation between the studied fac- 
tors. For the farmer it will certainly be some information that (;rop 
yield inereases with precipitation, but of course he is interested in 
the problem in the first place from the pure economical point of 
view. Thus for the farmer the cssential thing is not the fact that the 
yield inereases^ but the question is how large average inerease he can 
expect ill his (»ase through a certain water sui)ply in the form of 
precipitation or a corresponding quantity of irrigation water by 
sprinkling. In other words: the investigations must give a qiianti- 
tative measure, as exaet as possible, of tlie relation between c.rop 
yield and precipitation, when the latter is successively inereased. 

By preliminary investigations the author has found that the co- 
variation between precipitation and crop yield c.an advantageously 
be described by a parabola of the form 

t/ - Cfo + -I- 

where x indicates the iirecipitation and y the corn^sponding crop 
yield. By this is in no way said, however, that the co-variation 
between precipitation and crop yield follows sudi a curve. It lias 
only proved that if the relation is caleulated according to this enrve, 
the agreement between the observed and the caleulated crop values 
in most cases has been rather good, at all events considerably bett-er 
thari at the use of linear regression. 

However, merely by considering the total precipitation during 
the vegetation period we can not expect to obtain results exaet 
enough for practicnl agriculture. It is a well-known fact that not 
the total precipitation during the vegetation period but far more the 
distribution of the precipitation within the period determines the 
yield. Thus during certain parts of the vegetation period the crop 
is much more sensitive to variations in the weather tlian else. Such 
periods have therefore been charaeterized as »critical periods» 
(Bbouwer 1926, ErviER 1926, and others). It is consequently not 
sufficient to test how the total precipitation influences the crop 
yield, but it is necessary to use a method that makes it possible, 
with a suitable division of the vegetation period into shorter periods, 
to study the effeet of precipitation during each of these shorter 
periods, its influence during the rest of the vegetation period being 
also considered. Henee follows that the most suitable method for 
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determining the co-variation must be to usc partial curvlinear re¬ 
cession witli the precipitation during different periods as variables. 

But to this (iomes further some facts that make the question 
more cornplicated. The crop yield is a product of a great number 
of factors influencing one another. It is therefore not to be expected 
that if only precipitation is conSidered, the whole or even the greater 
part of the variations in crop yield could be described. As several 
earlier investigations have shown, the influence of temperature is 
in many cases decisive. By the author’8 investigations has further 
been proved the inesence as well of a more or less pronounced ne¬ 
gative correlation between precipitation and temperature as of an 
existing trend, above all concerning crop yield but also as to 
the meteorologic.al observations. Being correlated inier se, both 
precipitation and temperature must be included in the regression 
functiou at the same time as the vegetation period must be divided 
into a suitable number of shorter periods. In order to obtain a re¬ 
presentative net regression curve between crop yield and the pre- 
<*tpitation duriug a part of the vegetation period, important with 
regard to the water supply, and accordingly to fix so many other 
factors as possible influencing the yield, it can therefore often be 
necessary to have a relatively large number of variables in the re¬ 
gression function. 

As mentioned above, if linear co-variation between precipitation 
and crop yi(‘ld is assumed, the results will generally be misleading 
or in any case rather vague. Keither will it be wholly adequate to 
assume linear relation between temperature and yield. However, 
temi)erature generally shows considerably slighter variations than 
precipitation. According to the author^s opinion the co-variation 
between temperature and crop yield may tlierefore be regarded as 
linear for the interval wdthin which temperature generally varies 
concerning to the Scandinavian countries. As an example of the 
differenee in the variation of precipitation and temperature can be 
stated that while the mean May temperature at Alnarp (just north 
of Malmö) during the years 1901—1942 was 11.19° ± 0.20° 0, the 
mean precipitation during the same time was 38.5 ± 4.5 mm. 

Proper allowance for tlie effect of trend in the observations can 
be made in two different ways. One is that time is put in as another 
variable in the regression function; the other is, at first to smooth 
as well the observations of crop as temperature and precipitation 
with regard to time by a straight line, and then to take the calculated 
residuals for the determination of the partial curvlinear regression 
between the three factors. The method first mentioned is of course 
the most adequate, because by this proper allowance is made for 
the fact that the variables are moro or less correlated inter se. On the 
other hand it is natural that when there are already several variables 
in a regression function, the labour for determination of the coeffi- 
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cients is considerably increased by each new variable iiieluded in it. 
However, the anthor has found that the compulsion done to the 
original observations, having at first been srnoothed for trend, and 
the calculated trendfree values, having then been used for the de- 
termination of the net regression coefficients, does not involve that 
the values obtained to any essential extent differ from the values 
obtained when time is being included as a variable in the regression 
function. 

The coefficients, with their mean error, in the regression func¬ 
tion are calculated in the usual way according to the method of 
least squares (Meeriman 1910). A measure of the significance by 
which the net co-variations thus determined are to be ascribed to 
a real cause, and are not dependent on a mere ehance, is obtained 
by Consulting statistical tables with regard io the quotient between 
the respective coefficients and their mean error, and there reading 
off the probability eorresponding to this quotient (Fisiier and 
Yates 1938), due allowanee being made at the same time for the 
number of degrees of freedom eorresponding to the cause of varia¬ 
tion. A good conception to what extent the variations in crop yield 
can be described by this method, is obtained by comparing the sum 
of squares of the original crop observations with the sum of squares 
of the residuals, i. e. the part of the variation depending on other 
faetors than those having been made allowanee for at the statistical 
analysis (soil faetors, e.au8es of disease, the quality of the seed, etc.). 

As an example how the method above des(*ribed appears in prax*.- 
tice, the results from the investigation on the eo-variation betw^een 
precipitation, temperature, and the yield of oats at Alnarp in the 
years 1901—1929 are shown in Table 1. For com]>arison liave been 


Table 1. Co-variaiion between precipitation^ temperaivre^ and yield 
of Oats at Alnarp during the years 1901 — 1929, 

C ompar e with the text! 


Cause of variation 

Regression c-oeffirients 


n 

III 

Time. 

0.031 

0.031 

0.131 

Meanteinp. April—May. 

-- 1.Ö09 

~ - 0.864 

— 0.069 

» J uiie. 

— 2.052 ** 

— 0.018 

- 0.516 

» J uly.* 

1.572 t 

1.700 * 

1.648 ♦ 

D Au^st.1 

— 3.402 ** 

—' 3.744 ** 

— 3.739 *♦ 

Precipitation May + Juno: . 
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1 0.478 *** 
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0.328 ** 
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— 0.00177 ** 

-- 0.00162 ** 
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1 1 
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1 0.00012 

0.00045 
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stated in coL I the coefficients for the co-variation between the 
crop yield and the different variables separately, no regard being 
taken to the others, i. e. the gross co-variation. The co-variation 
between temperature and yield, respectively precipitation and yield, 
are here based on trendfree values. In coL II have been given the 
net regression coefficients likewise calculated on trendfree values. 
The coefficient for time thus shows the gross co-variation between 
crop yield and time in col. IT as well as in col. I. The coefficients in 
col. III, finally, differ from those in col. II by having been calculated 
with time included in the regression function as one more variable. 
Tims in col. JII the number of variables in the partial regression 
function has been 9, instead of 8 in col. 11. The degrees of freedom 
in col. 11 as well as in col. Ill of course have been the same ones = 
29 — 10 - 19. 

At th<^ c.al(*ulation of the coefficients given in Table 1, temi^erature 
lias been exi)re8Bed in x)recipitation in mm, and crop yield in dt/ha. 
(- 0.797 cwt/acre). In the table indicates the coefficient for the term 
of the first degree in the parabola (o?), and the coefficient for the 
term of the second degree As to the indications of the coefficients, 
the sign f indicates a probability lying between 0.90—0.95, that the 
co-variation found should not depend on a mere chance but is to be 
ascribed to real (^auses. The sign * means that the probability men- 
tioned lies between 0.950—0.990, ** means that it lies between 
0.990—0.999, and *** that it is greater than 0.999. Thus in this 
last (;asc the probability that the co-variation obtained will depend 
only on a mere chance, is less than 1: JOOO. For the parabolic co- 
variations precipitation—crop yield, the significance of is evid- 
eiitly a measure of the strength of the co-variation, while the one of 
^2 indicates whether the deviation of the regression curve from the 
straight line is caused by chance or not. If by correction of a sta¬ 
ti stical material w ith a parabola of the sec*ond degree a value of the 
coefficient for the term of the second degree is obtained that deviates 
very little from zero, this means of course that the co-variation can 
be regarded as linear for the interval within which one has observa¬ 
tions and that correction by a straight line is consequently enough. 
Whether correction by a straight line is enough or curves of the 
second or higher degree have to be resorted to, may often be deter- 
niined beforehand, the given observations being dotted in a dia¬ 
gram. 

From this it will appear, that in the example given a significant 
co-variation between crop yield and precipitation during May and 
June has been obtained in all cases. As a comparison can be men- 
tioned that the linear gross co-variation between the factors men- 
tioned is 0.038 ± 0.030 dt/mm, i. e. a relation wholly caused by 
chance. Purther it appears from the table that for July and August 
the gross as well as the net co-variation temperature—crop yield 
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are pronounced. As regards the co-variation between tlie precipita- 
tion during July and August and the yield, these are wholly caused 
by chance in all cases. 

As a eomparison can be mentioned that in the example above^ 
by linear smoothing of observations eoncerning proeipitation in 
May and June, and the yield of oats, only 5.7 % of the dispersion 
of erop observations round the mean ha ve been des(Tibed, while 
by smoothing through a parabola 41.8 % of it liave been described. 
By smoothing through the partial regression funetioii aeeording to 
col. ir, 74.4 % of th(‘ dispersion have been deseribed, while the eor- 
responding value for the stati8ti(*al analysis ae(*ording to eol. III 
is 70.7 %. Thus it is evident that by partial eurviinear regression 
with proper allowanee made for the influ(uiee on erop yield of pre- 
eipitation as well as of temperature, the effe(*t of a separate factor 
can be estimated with far greater significarH^e than if only the gross 
co-variation between tliis factor and the yield is ealeulated. 

By the method stated above it is possible lo ealeulate the influence 
of precipitation as well as of temperature on erop yi(4d during dif- 
ferent parts of the vegetation period eoncerning spring-sown erops — 
spring cereals, potatoes, root-erops. For overwintering (Tops — 
autumn-sown cereals and grass-grounds — it is not possible, on the 
other hand, to take into consideration the whole period from sowing 
till harvest (or as regards the grass-grounds from hay-harvest in 
one year till harvest in the following year), unless a very consider- 
able number of variables is included in the regression function. 
Otherwise cvery variablo has to include a rather long period. This, 
of course, is disadvantageous, because the yield has to be influenced 
by the distribution of precipitation and temperature re8p(H*4ively 
within each of these periods, with the consequence that the results 
obtained will be rather vague. Therefore, the mcdliod of invcstiga- 
tion has to be somewhat modified in this cas(». 

If the tiine from sowing till harvest for a certain erop is divided 
into a number of periods not too long, for instance one month, the 
following two faets have to be ealeulated with: 1) Both precipitation 
and temperature during each such period influence the yield in a 
higher or lower degree. 2) The variables influencing the erop are 
more or less correlated with one another. Thus the question is which 
of these faets is dominating. By his investigations on spring-sown 
crops the author has found that pronounced gross co-variations 
temperature—yield, respectively precipitation—yield, in many 
cases are rather slightly influenced by the mutual correlation between 
temperature and precipitation, and therefore the gross and the net 
regression coefficients often will be rather equal (compare with the 
coefficients in Table 1). For slight gross co-variations, on the other 
hand, the net coefficient may differ essentially from the correspond- 
ing gross coefficient, owing to the faet that here the mutual correla- 
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tion between the climate factors has a greater effect. As regards 
spring-sowii crops, the author has ascertained, however, that while 
a signifieant gross co-variation may correspond to a significant net 
CO-variation—but this is not always the case — a slight gross co- 
variation never eorresponds to a significant net co-variation. There 
seems to be no reason that the case is different as regards over- 
wintering crops. For autumn-sown crops and grass grounds the 
author has therefore used this method: after the gross co-variations 
between precipitation, respectively temperature, and crop yield 
liavt^ been calculated for the different months, then the periods for 
t(unperatiire and precipitation corresponding to the most pronounced 
co-variations — the probability for a co-variation not caused by cliance 
about 0.90 and more — have been included in a partial curvlinear 
r(*gr(‘Ssion fiinction of the type that has been described abo ve. 
This method has given satisfactory results in most cases, and a great 
])art of the dispersion of the crop observations around the mean has 
been proved to be owiiig to the influence of the variables that have 
b(M*n included in the regression function. 

By the method of investigation given an a(*.connt of in this paper 
it is thus possible, to determine for varions ciiltivated plants witli 
fairly good precision: 1) in what part of the vegetation period the 
pr(»cipitation is most important for the crop yield and the thereby 
existing average precipitation deficit; and 2) how great increase of 
yield tliat might be expected on an average if the precipitation during 
each suc.h part of the vegetation period were optimal. Knowing 
the effect of irrigation by sprinkling in relation to the natural pre¬ 
cipitation we can further determine, with a (»ertain degree of preci¬ 
sion, the intensity of irrigation necessary for an optimum of yield 
for various ciiltivated plants. 


Summary. 

In this paper is given an account of a method for determining the 
co-variation between precipitation and crop yield. After the orig¬ 
inal observations have been smoothed for the influence of trends 
the co-variation between the trendfree values of temperature, pre¬ 
cipitation, and crop yield is calculated by means of a partial re¬ 
gression function with temperature as well as precipitation as va¬ 
riables, the co-variation between temperature and yield thereby 
assumed linear and the one between precipitation and yield para- 
bolic. The net regression coefficients are calculated according to 
the method of least squares. The vegetation period is divided into 
smaller ones, and for each such period temperature and precipitation 
enter into the partial regression function as a special variable. For 
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each part of the vegetation period it is then possible to study the 
parabolic net co-variation between precipitation and crop yield 
with teinperature and precipitation during tlie othcr parts of the 
vegetation period assumed constant. 
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and Body-Weij?ht of Cattle. 

By JOEL AXELSSON. 

From t)ie, Institute of Animal Xuirition and fJnshandry. 


Introduction. 

Wlien Kellner and Köhler (1900) presented tlu» resiilts of the 
inetabolism experiments with cattlc», thitlierto (arried ont, the need 
of metabolizable energy for the maintenance of individual steers 
was held to be proportional to their body-weight at a power of 
2/3. The net energy of th(^ starch in the difference experiments thim 
amounted to 58.9 % of the metabolizable energy (efficiency coeffi- 
cient = 58.9). Later on, however, Kellner (1903) came to the view 
that a power of 1 wuuld be more suitable, so he recalcnlated the 
material. This resulted in the efficiency (ioefficient of the starch 
rising to 62.7. As the effeet of the starch agrecMl with that obtained 
of rations, containing normal feeds, with 18—23 % of crude fiber in 
the dry matter, and 10—18 % of protein in the digestible organic 
matter (balanced rations), as has been shown earlier (Axelsson 
1939), these coefficients gave the effeet of the metabolizable energy 
of such rations in both cases. 

Only exceptionally it has been considered to bo a question of a 
lower power than 2/3 or a higher than 1, irrespective of whether it 
was individual animals with variable weight or groups of animals 
in the same nutritive condition. The majority of writers, however, 
hold that in the former case the power would be greater than in the 
latter. Exceptions are nevertheless found, Breirem (1944) consider- 
ing the power 0.6 to be applie.able to individual animals, whereas 
Gaines (1938) came to a power of 1 forapopulationof milkingcows. 
In rnost cases a power of 0.7—0.8 was thought to be suitable for 
groups of animals when the fluetuation in body-weight was caused 
partly by constitutional faetors, partly by differences in the nutri¬ 
tive condition. In jiraxis it is a question of the latter kind of groups. 

Consequently opinions vary a good deal as to the connection 
between the need of energy for maintenance and body-weight of 
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cattle. The same holds good of the corresponding connection in 
other domestic animals. The power 5/8, cornmonly used by ns, 
which seems to originate from Högan, is generally considered to 
be too low, wherefore a reconsideration appears to be desirable. 


Material and Methods. 

In respeet to these the material from the European metabolism 
experiments on cattle bave principally been used. As is well known, 
the experiments have been carried out on adult animals partly 
at the experimental station Möckern, partly in the experimental 
laboratory in Copenhagen. The former experiments have first been 
superintended by Kuiin, later by Kellnee, and last by Fingerling, 
and therefore they can be divided into three groups. However, the 
anirnal material and the methodics seem to have been rather in- 
(lependent of the leader of the experiments. Hence steers of the 
spotted highland cattle has been used the whole time. The experi¬ 
ments in Copenhagen were carried out under the supervision of 
Mollgaard, and dry cows of red Danish breed were used as experi- 
mental animals. 

In accordance with what was said introductionally the efficiency 
coefficients in average for rations containing normal feeds and an 
optimum content of protein and crude fiber varied within the limits 
of 59 and 68. If in such rations the metabolizable energy, needed 
for the experimentally determined net energy, is calculated by help 
of these two coefficients, two amounts of energy are obtained, 
constituting the highest and lowest limit values. If each amount 
is deducted from the quantity of metabolizable energy contained 
in the rations, the amount of energy used for maintenance will be 
obtained. This amount will, of course, be greatest for the highest, 
and least for the lowest efficiency coefficient, as is to be seen from 
Table 1 in which data of Kellner^s steer D in period 1 are given. 

Table 1. The Amount of Maintenance Energy for the two Efficiency 

Coefficients. 


Efficiencycoefficient j 69 j 63 


Metabolizable energy of the ration, kcal. 

26958 

25968 

Stored energy (net energy), kcal. 

6617 

6617 

1 Energy needed for etoring, kcal. 

11216 

10603 

. Metabolizable energy for maintenance, kcal. 

14743 

15455 


Hence, apart from existing experimental errors, steer D would 
have used at the least 14 743 (rounded off 14 740), and at the most 
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15 455 (rounded off 15 460) kcal of metabolizabk' energy for thc 
maintenance of the body in this experiment. The corrcsponding 
limit values of other balanced rations are obtained by use of the 
same method. 

The number of balaneed rations are, however, relatively small, 
and therefore the mere chance would have a eomparatively greal 
effect on the resnlts in ease only these were to be ineluded. In order 
to obtain more reliable resnlts also the other experiments have been 
ineluded, but first af ter that the efficiency eooffieient was reduced. 
In doing this the redu(dion was liinited to deviatioiis of the erude 
fiber content from the optimum, since the variation of the percent- 
age of protein had a very small influence. The start was made by 
the funetion earlier obtained (Axelsson 1939) in Kellner^s 71 ex- 
l)eriments. ITowever, this was not applieablc^ to tlie whole European 
material. The reduetion having been made, and tlu' wanted k-value 
and power of the funetion having been obtained, and thaii the need 
of energy for maintenance having been ealeulated, the energy avail- 
able for storing gave efficiency <‘oefficients showing a eonnection 
to the erude fiber content of the rations that was somewhat deviating 
from the Kellner^s funetion just named. This, of eourse, was due to 
the faet that the results of the other experimental groups deviated 
somewhat from Kellner’s. By eorrecting the funetion little by little, 
a satisfaetory aceordance was gradually obtained. This was the ease 
when the following funetion was used for the reduetion of the effi- 
cieney coeffieient: 

32.0H 8.79 aj —0.210 (1) 

lu this y denotes the efficiency coeffieient, and x the erude fiber 
content of the dry matter in the rations. As the funetion shows a 
maximum at ir = 20,9, 18.0 — 23.0 % of erude fiber was considered 
an optimum, as in the earlier treatment of Kellner^s experiments. 
By rneans of this funetion the reduetion scale of Table 2 was formed. 

In order to illustrate the purport of the reduetion steer W may 
be taken and the periods 4 and 3 may be compared to each other, 
since the weight during these two periods was praetieally the same 
(706 and 704 kg resp.). During period 4 the erude fiber content in 
the dry matter of the ration amounted to 19.1 %, and as this was at 
optimum, no reduetion was made. On the other hand, only 16.8 % 
of erude fiber was ineluded in the ration of period 3, wherefore the 
percentage was below the optimum. In period 4 the ration contained 
21 903 kcal of metabolizable energy, of which 3 586 kcal were stored 
in the body. At an efficiency coeffieient of 59 6 078 kcal of me¬ 
tabolizable energy were supposed to have been used for this storing, 
as a result of which 15 825 kcal were used for the maintenance of 
the body. 
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During period 3 the ration contained 27 719 kcal of metabolizable 
energy, in the course of which 6 084 kcal were stored. If, in spite 
of the low content of crude fiber, the efficiency coefficient 59 were 
used, 10 312 kcal would have been available for the storing, 17 407 
kcal having been used for maintenance. This arnount is consider- 
ably greater than that used during period 4, despite the fact that the 
weight of the steer was the same. If on the other hand, the coeffi¬ 
cient 59 is reduced according to the abo ve scale, it will sink to 54.9, 
wherefore 11 082 kcal would have been used for the storing, and 
hence only 16 637 kcal would have been used for maintenance. 
This arnount (iorresponds more closely to that used during period 
4 than the one obtained without a reduction. 

Table 2. Smle of Reduction of the Efficiency Coefficient in Un- 

halanced Rations, 


(h*ndp fiber content 
o t <Jry mutter, % 

Vallie of 
fiinetion 

(l) 

Efficiency coefficient at a 
coefficiont of balanced 
ratione of 

59 «3 


4,5.1 

44.4 

47.4 

13.0—13. 

4H.4 

47.9 

50.8 

14.0—14.9 

51.3 

50.4 

r>3.ö 

1,5.0—15.9 

53.7 

52.8 

56.4 

1().0 -16.9 

5.5.8 

,54.9 

58.» 

17,0 -17.9 

' 57.r» 

,56.5 

60.4 

18.0 -23.0 

60.0 

59.0 

63.0 

1 23.1—23 9 

58.0 

57.0 

61.5 

! 24.0—24.9 

57.3 

,56.3 

60.2 

1 25.0—2,5.9 

55.5 

54.0 

58.3 

26.0—26.9 

53.4 

,52.5 

.56.1 

27.0—27.9 

50.9 

50.1 

.53.4 ! 

28.0—28.9 

47.9 

47.1 

50.3 1 

29.0—29.9 

44.5 

4 : 1.8 

46.7 1 

,30.0- 30.9 1 

40.7 

1 40.O 

42.7 1 

31.0-31.9 

36.5 

i 3,5.9 

38.3 1 


By reduclion a better agreement was tliorefore reached betweon 
the energy for maintenance from balanced and unbalanced rations, 
besides that the amount corresponded to the actual one more closely. 
The same was the case when the efficiency coefficient 63 was pos¬ 
tulated. Consequently the reduction lessened variation of the amount 
of maiiitenauce-energy in both cases. 

In the investigation the following experiments were iucluded: 
Kellner’s. Balanced: II-l; E-1; H-6; J-4 and 6; K-4 and 5; 
M-5 and 6; Q-1, 7, 8, and 9; U-1, 2, 3, 4, 5, 6, and 7; V-1, 3, 4, 5, 6, 
and 7; W-1 and 4; X-1 and 4; Y-1 and 4; Z-1 and 4; altogether 34. 
Unbalanced: B-1, 2, 3, and 4; C-1, 2, and 3; D-2, 3, and 4; E-2, 3, 
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and 4; P-1, 2, 3, 4, 5, and 6 ; 6-1, 2 , 3, 4, and 5; H-1, 2, 3, 4, and 7; 
J-1, 2 , and 3; Q-5; W -2 and 3; X -2 and 3; Y-3; Z-3; altogether 39, 

Fingeeling’s. Balanced: 10 —3, 6 , 9, 10 , and 15; 16—2 and 12 ; 
17—2, 11, 16, 18, and 20; 18—1; 19—11, 13, and 15; 24—7, 9, and 
11; 25—12; altogether 20. Unbalanced: 10—1, 4, 5, and 16; 16—1, 
3, 4, 14, 15,16, 17, and 18; 17—1, 3, 4, and 13; 18—2 and 3; 19—1, 
2, 5, 7, 8 , 9, and 10; 22—13 and 14; 24—10; 2.5—1, 2 , 3, and 10 ; 
altogether 32. 

Kuhn’b. Unbalanced: II1-2, 3, and 4; lV -2 and 3; V-1, 2 a, 
and 2 b; VI- 1 , 2 b, and 3; XX- 1 ; altogether 12 . 

M 0 L 1 .gaaed’s. Balanced: St-17 and 31; K-23; Agg-lOl, 103, 105, 
107, 109, and 111; B 4 -IO 2 , 104, and 106; Cu-lll and 115; Ag-IH; 
A 5 Q-I 23 ; altogether 16. Unbalanced: »St-lO, 11, 12, 14, 15, 16, 20, 
22 , 24, 26, 33, and 35; K- 21 , 25, 27, 30, 32, and 34; B 4 -IO 8 , 110 , and 
112; Ag-lie; 034-118 and 120 ; Bj3-119 and 121; A 50 -I 22 ; 
and 128; B 90 -I 25 , 127, and 129; altogether 32. 

As is evident from these, experiments with more than 32 % of 
crude fiber in the dry raatter of the rations have been exeluded. 
This was due to the faet that only exceptionally experiments having 
such a high percentage were carried out. The exelusion was nioti- 
vated also from the point of view that these experiments, which 
belong to the oldest, appear to havt* given l(*ss ndiable rt‘ 8 ults than 
the other ones. Furthermore, experhiients with »Strohstoff» and 
»Därnpfstroh» were exeluded, since the crude fiber had been trans- 
formed by the preparation of the straw. Experiments with a ne¬ 
gative energy-balance have been ineluded, as a result of which the 
catabolised energy from the tissues of the body was added to the 
content of metabolizable energy of the feed without any reduetion, 
as the whole amount of heat from the tissues was of benefit to the 
body of the animal. 

The number of experiments ineluded in the above list are more 
easily seen from the following survey; 


• 

Experimental Group 

KeIlner’H 

Finger- 

lmg’8 

Kuhn’8 

M 0 II- 

gaanr» 

Total 

Balancod rations. 

34 

20 


16 

70 

Unbalanced rations. 

39 

32 

12 

32 

115 

Together 

73 

52 

12 

48 

00 


Hence the whole number of experiments amounts to 185 and is 
therefore relatively great. 
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The Power and K-value of the Function. 

The amounts of metabolizable energy obtained according to the 
above iiiethod, and which would have been used in maintaining the 
aniinals, are then expressed as a function of their live weight. So 
in this (‘.onnection the power p, and the k-value belonging to it were 
looked for in the function: 

E = h (2) 

in which JiJ denotes the nurnber of kcal of metabolizable energy for 
maintenance at a body-weight of V kg. During the treatment it 
was revealed that Kellner^s, Pingerling’s, and Kiihn^s material could 
be United (the Möekern material), when the test was carried out 
according to the four conditions laid down by Bonnieb-Tedin 
(1940, p. 1 42), while Mollgaard^s material had to be treated separately. 
Ac(‘ording to the specifications given above the Möekern material 
comprised 137 experiments. Within this group, however, the quan- 
tity of energy obtained for maintenance seemed to be conneeted 
with th(» aniount of stored energy owing to tlie faet that the effi- 
cien(*y coeffi(*ient 63 is too high, according to what is mentioned above, 
wliereas the coefficient 59 is too low. By tlie inerease of the arnount 
<»f stored eiu^rgy iliere was, of course, also an inerease in the error, 
inasrniich as at a great storing a greater arnount of metabolizable 
(*nergy for the coefficient 03 and a lesser arnount for the coefficient 
59 would have been used for maintenance than at a small storing. 

In consequence of this, the 137 Möekern experiments were divided 
into two groups, and a storing of 4 000 kcal was put as a limit between 
tiiem. In the group below 4 000 kcal of stored energy were 61 ex- 
lierirnents, and in the group having niore than 4 000 stored kcal 
there were 76. In this connection the three experiments in which the 
storing exceeded 4 000 kcal were separated from Mollgaard^s group, 
so 45 experiments came to be ineluded. 

In function (2) the k-value and power of each of the three groups 
were then determined. In doing so logarithms were applied to the 
function, as a result of which it assumed the following form; 

log E = log Ä; + p log V 

If in this function log E is exchanged for y, log k for a, p for 5, 
and log V for x, the common form of a function of the first degree 
is obtained, namely 

y =: a + b X 


Pitting with the least square-method gave the p-values ineluded 
ill Table 3. 
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Table 3. The p-values of the Different Groups, 


The efficiency coefficient of 
balanced rations 

59 

63 

Below 4000 kcal stored energy: 



The Möckern material. 

0.828 j 

0.800 

M 0 llgaard’a material. 

0.793 i 

0.798 

Above 4000 kcal stored energy: 

The Möckern material. 

i 

0.7.54 i 

0.716 


Aa ia to be seen, in the Möckern groups tlie powers belonging to- 
gether deviated more from each other than the corresponding powers 
of Mellgaard^s experiments. At a storing below 4 000 keal, however, 
the power obtained from the efficiency (*oeffieient 63 of the Möckern 
material had a close correspondence to the two powers of Mollgaard^s 
material, whereas the power gained from the efficien(*y coefficient 
59 was somewhat higher. At more than 4 000 koal of stored energy 
the powers of th(‘ Möckern material were considerably lower than 
the other powers. The deviation depended oii two of Fingerling’s 
experiments with steer 17 happening to give a small amount of 
maintenance-energy, in spite of an extremely high body-weight. 
If these two experiments had been exduded, the power of the re- 
maining 74 exi)eriment8 would have exceeded 0.8. 

The weighted averages of the powers obtained from a storing below 
4 000 kcal, as well as of all the powers, were the following: 


Efficiency coefficient of balaiicecl 

59 

63 

rations 

Power at storing below 4000 kcal ... 

0.813 

0.799 

» of the whole material. 

0.789 

0.764 



As seerns, the average of the power was greatest when an efficiency 
coefficient of 59 was assumed, although the differenee between this 
average and that obtained for the efficiency coefficient 63 w^^as rather 
insignificant. If, for the reason just mentioned, the main stress is 
placed on the material originating from storing below 4 000 kcal, 
the power can be put at 0.8. This value has the advantage of being 
easy to handle. 

When this p-value was inserted into function (2) tlie k-values 
given in Table 4 were obtained. 

Thus the k-value was greatest in the Möckern material, and least 
in Mollgaard^s material. At the same weight the steers of the Möckern 
experiments had consequently used more metabolizable energy in 
maintenance than the cows of Mellgaard^s experiments. This was 
supposed to have been the case even according to Breieem (1944). 
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Efficiency coeffieient of balanced 
rationa 

69 

63 

Storing below 4000 kcal: 



'l^he Mockern material. 

82.R 

83.9 

M 0 llgaard’s material. 

68.8 

70.3 

Storing over 4000 kcal: 

i 


The Möekern material. 

! 82.4 

85.9 


Furtliermore, whcii the efficiency coeffieient 59 was postulated 
tlie k-value was highor at more than 4 000 kcal stored energy than 
less. IJaving postulated the efficiency coeffieient 63, on the con- 
trary, the k-value was lowest at a storing below 4 000 kcal. This 
agrees with the expeetation, since one of the efficiency coefficients 
is too high, and the other too low. As a result of this, the k-values 
of the efficiency coeffieient 63 are too high, whereas the other k- 
valucs are too low, in both cases, however, in different degrees, 
as the deviatiori from the true value grows larger with inereased 
storing. 

In the Möekern material the group with less than 4 000 kcal stored 
energy amounted on an average to 2 226 kcal, and the group with 
more than 4 000 kcal to 6 918 kcal. By the inerease of 3 692 stored 
kcal, th(‘ k-value consequently diminished by 0.2 units, wlien the 
effidency coeffieient 59 had been assumed, whereas it rose to 2.0 
units wlien the coeffieient 63 had been chosen. The deeline in the 
former case coiistitutes 0,0542 units per 1 000 kcal of inereased 
storing. When energy was not stored, the k-value would therefore 
have amounted to 82.6 f 2.226 • 0.0542 = 82.7. The rise in the 
latter case amounts to 0.542 units per 1 000 kcal of net energy, 
so when no storing had taken place the k-value would have amounted 
to 83.9 — 2.226 • 0.542 =- 82.7. Consequently the k-value 82.7 
was obtained when no energy was stored, irrespective of whether 
the efficiency coeffieient 59 or 63 had been postulated. The result 
lias been represented graphically in^Figure 1. 

As already mentioned, the k-value of Mollgaard^s material was 
highest when the efficiency coeffieient 63 was assumed. There was, 
liowever, in this case no possibility of determining the amount of 
the k-value when no energy was stored, sinee the number of experi- 
nients having more than 4 000 kcal of stored energy is too smaU for 
this. Yet there would probably be no real error made if the reduetion 
is carried out by means of the values obtained from the Möekern 
material. As the storing amounted on an average to 1906 kcal, 
the k-value will be 68.8 f 3.906 • 0.0542 = 68.9 when the efficiency 
coeffieient 59 has been chosen, whereas the k-value of 70.3 — 1.906 • 
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Fig. l. Graphic representation of tho determination of tho k-value 
(see also the text). 

•0.542 = 69.3 will be obtained from the coeffioient 63. The differ- 
ence between these two valiies is too sli^^ht to b(* si^nifieant. On 
an average the value amounts to 69.1. 

The investi^^ation has therefore resulted in the maintenance-feed, 
expressed in keal of metabolizable cmer^y, (‘onstitutin^c the 
following function of the live-wei^^ht, T, of the animals. 

The Möekern material: E -= S2J (3) 

Mollgaard^s material: = 69.1 (4) 

In aecordance with the method of procednre, these functions 
hold good of all the weights the animals showed in the experiments 
in question. The number of animals of the Möekern-material 
amounted to 30, and that of Mollgaard^s material to 11. In both cases 
the number is so great that individuality hardly may have disturbed 
the values of the function, inasmuch as the animals belonging to 
a certain weight group neither may have been onesidely charac- 
terized by an extremely high k-value, nor by one that is extremely 
low, The two experiments with steer 17 mentioned above are, how- 
ever, an exception, having not been caused by the individuality, 
but by experimental error. 

In this connection there arises also the question of the cause of 
the varying weights of the animals within each material. The va¬ 
riation may of course be of genetical nature, inasmuch as sorne of 
the animals within each group had a tendency towards a higher 
weight, others towards a lower one. It is, however, obvious that the 
main part of the fluctuation was caused by various nutritive condi- 
tions, Thus, within the Möckern-material, the weight varied between 
705 and 1 006 kg for the same animal, and between 583 and 1 006 
kg for all the animals, as a result of which the former variation was 
considerable. Within Mollgaard^s material the greatest individual 
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fluctuation occurred between 400 and 532 kg, and the variation of 
all the animals between 393 and 627 kg. So the experimental animals 
behaved as a group of male or feinale animals of a certain breed, 
the varying weight principally depending on the different nutritive 
eondition of the animals. This implies that the power 0.8 can be 
used for such a colleetion. 

The question then turns up whether this power also can be used 
for the individual animal when its nutritive condition — and con- 
scnpiently its weight — is changed. As stated introductionally Kell- 
TsER (1903) was of the opinion that in this ease the power 1 should 
be used, though no proof of the eorreetness of this view was offered. 
Nor has such a proof been furnished later. In not yet published ex- 
])(‘riments with rabbits Hellberg, at the Institution of animal nu¬ 
trition, has demonstrated that the power of individual animals at 
varying weights is lower than 1. 

By aid of the material used here it is not possible to solve this 
problem though a eontribution to its solution will be given. If the 
])ower of one and the same animal exceeds 0.8, the deviation between 
the vidues of funetions (1) and (2) should for eaeh animal rise from 
the lowest to the highest weight, as is further to be seen from Figure 
2. These twa) dt*viations were therefore deterrnined, and then the 
average of (»ach deviation was eomputed. As Kuhn’s steer XX had 
oiily served in one experiment, it could not be imduded. The results 
obt ained in the different groups are to be seen in Table 5. 

Table 5. Deviation between Funetions (1) and (2). 

I I ^ ~ “ 

' ! Deviation m kcal at the 

I j lowest weight , highest woight 

' Ur \ ker I 

I ^ j coeff. 59 coeff. 63 | coeff. 59 i eoeff. 63 

! ^ j 

I KoIlner’s .steors (17 head)! 633 -82 ' 4 493 1711 4- 188 ' -h 774 

iThoMoekem » (29 » )| 647 —102 ' + 353 741 — 110 | +407 

i All the animajs (^ » )| 60 2 --167 ' + 212 | 68 4 — 214 | + 256 

It is seen that the differen(H3 between the lowest and the highest 
weight of the steers in Kellner’s experiments was (711 — 633 =) 
78 kg. By this inerease of weight the deviation between the two 
funetions rose from — 82 to +188 kcal for the efficiency coefficient 
o9, and from + 493 to + 774 kcal for the coefficient 63. Hence the 
rise in the former case amounted to 270 kcal, and in the latter case 
to 281 kcal, the average beeing 276 kcal. For all the Möekern- 
^teers, liowever, the inerease was very insignificant, on an average 
oinounting to only 23 kcal. When also Mollgaard^s cows were in- 
<*hided, no rise whatever was obtained. In tliis case as well as in 
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Fig. 2. Graphic representation of tho amount of metabolizable energy in therms 
for maintenance at the weightpower 0.8 and 1.0. It seems that for a cortain 
animal the deviation between the two amounts i.s incroased with incroased woight. 


others, howover, Kellner\s material does not only constitute the 
lar/^est group, bnt aLso the most homogeneous one, wherefore the 
results ot this group are the most reliable. Espeeially Fingerling^s 
steers .16 and 17 showed, for easual reasons, ext-nmie divergences 
strongly influencing the rcsult in a one-sided direetion. If these two 
animals had been exeluded, the resulta of all the Möckerii-steers 
as well as of the entire luimber of experimental animals would, from 
a principle point of view, have (»oineided with those obtained from 
Kellner’s steers. Wt*» may therefore take iiito aeeount the faet that 
the deviation has risen with an inerease of weigJit in the animals. 

This result irnplies that the power ought to have been higher than 
0.8 for each individual head of cattle. The differenee in storing for 
the lowest and highest weight was namely so slight, that it eannot 
have played any prop(‘r role. Tf this differenee had been more out- 
standing, the obtained inerease of deviation might, on the eontrary, 
have irnplied a deerease of the effieieney eoeffieient with a rise in 
storing. 

Even if the result is not entirely (»mielusive, it nervertheless in- 
dicates that the power 0.8 is too low for individual animals. In 
eonsequence of this the condition of t-he young animals is compli- 
eated, sinee during their inerease in weight the ehemical composition 
of their bodies is changed in a manner similar to that of adult cattle 
by their rise in weight (improved condition). As to the young ani¬ 
mals there is, besides that, also the possibility of an influence of other 
faetors, as their body-weight is a funetion of their age. To this must 
be added that the feed is changed continuously as to int. al. the per- 
centage of crude fiber, inasmuch as this rises gradually at the same 
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time as there is an increase in age and weight. One prerequisite for 
being able to form a true estimate of the connection between the 
w(dglit of the growing animals and their need of maintenance-etiergy 
is therefore that the value of metabolizable energy for maintenance 
at varying perc^entages of crude fiber in the dry matter of the ration 
is analysed as far as it is possible. This will be done later on in this 
work af ter first another problem is treated. 


The Connection between the Efficiency Coefficient and 
the Content of Crude Fiber and Protein in the Rations. 

When, aeeording to fim(*tion (3) of the Möckern-material and 
fun(*tioii (4) of Mollgaard’s material, the amount of metabolizable 
energy needcHl for inaintenan(‘c was in each experiment subtracted 
from the total amount of sueh energy, the amount available for 
storing was obtained. Taking this amount as a startingpoint, we 
then (ialculated the efficieney coefficient of each experiment. In 
tlie 6 experiments showing a negative storing we inserted the value 
obtained aeeording to the reduetion scale of Table 2, in doing which 
we pre8ui)posed the efficieney coefficient 63 for balanced rations. 

The effi(*iency coefficient obtained on an average in the different 
groups are to be seen in Table 6. 

Table 6. The Average Efficieney Coefficient of the Different Oroups. 



The average efficieney coefficient of 


balanced rations 

unbalanced rations 

Kellner’H experiments. 

65.2 

53.7 

The Moekem-experimonts.; 

63.6 

54.9 

MoIlgaard’s experiments. 

57.2 

56.2 

Total number of experiments.. 

62.1 

55.3 


From this we may conelude that the difference between the effici- 
ency coefficients of balanced and unbalanced rations was greatest in 
Kellner’s and least in Mollgaard^s experiments. In all balanced 
rations the average of the efficieney coefficient amounted to 62.1, 
so it had only a slight deviation from that of starch obtained by 
Kellner in a(*cordance with the recalculation carried out in 1903. 
For the entire number of unbalanced rations we obtained the aver¬ 
age of 55.3. For the 185 feeding rations taken together the average 
of the efficieney coefficient amounted to 57.9. 

When the efficieney coefficient, y, was expressed as a funetion 
of the content of crude fiber of the dry matter in the rations, x, 
the following results were obtained: 
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Kellner^s experiments (73head) y = — 101 + 15,2aj — 0,353^7® (5) 

Kellner’8, Fingerling’s and M 0 II- 
gaard’s experiments (173 

head) y = — 30.2 -I 8.42,r — 0.196.r2 (6) 

All experiments except V: 1 and 

VT: 1 (183 head) y=—27J ^ 8 . 12 .r —O.ISTj?^ ( 7 ) 

All experiments in a normal dis¬ 
tribution (175 head) y ~—23.4 + 7.80^:’ — 0.184:i'2 (8) 

Total number of experiments 

(185 head) y = 15.0 f 3.7^ — 0.076.1*2 (9) 

As is evident, all these groiips show an optimum of crude fiber 
content whieh is, however, more or less stron^^ly pronouneed in the 
different cases. It appears most distinctly in (5), accjordingly in 
Kellner’s experiments, since these are the most homogeneous. As 
cither all of Kuhn’s experiments or only two of thern have be(m ex- 
cluded, the obtained functions (6) and (7) correspond elosely to (1). 
The same is the case when the 10 experiments were exeluded whose 
efficiency coefficients did not agree with the distribution of the others 
in a satisfactory way. When all the experiments were ineluded, less 
pronouneed optimum was obtained than in the other cases. When 
tentatively funetion (9) was used for the reduetion previously rnen- 
tioned, a less satisfactory result was obtained tlian from (1). The 
functions have been graphically represented in the upper part of 
Figure 3. 

Wlien the efficiency coefficient (y) was expressed as a funetion 
of the protein content of the digestible organic matter (a), the result 
of the groups mentioned turned out to be the following: 

Kellner^s experiments (73head) — 17.8 i 5.91.t — 0 .200072 (10) 

Kellner^s, Fingerling’s, and 
Mellgaard^s experiments (173 

head) y = 30.5 4 3.80.r — 0.126o*2 (11) 

All experiments except V: 1 and 

VI: 1 (183 head) y = 39.0 4 2.77.^? — 0.097072 (12) 

All experiments in a normal dis¬ 
tribution (175 head) y -== 40.6 + 2.57o? — 0.096o?2 (13) 

Total number of experiments 

(185 head) y ^ 42.9 4 - 2.48o7 — 0.093o?2 (14) 

As is to be seen, the sequence is the same as that of the crude fi¬ 
ber content, as the groups were placed after a decrease in optimum 
of the protein content. Even these functions have been graphically 
represented in Figure 3 (lower part). 

Consequently, this investigation proves that the content of pro^ 
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Fig. 3. Graphic roprenentatiou of the functions —9 (upper part) and 10—14 
(lower jjart). Tho bold lm(i in the upper part of the figuro represen ta function 
(1). The net energy is expressed m pereent of the metabolizable energy 

(eff.-coeff.). 

tein in rations as wtdl as tliai of erudo fiber shows an optimum from 
tlie viewpoint of efficien(*y of entTgy metabolism when the mainte- 
nanco-energy of the Mö(;kern-material is ealculated according to 
function (3), and that of Mollgaard^s material accordin^? to function 
(4). Tn both eases, therefore, the result agrees in a satisfactory way 
with that of Kellner\s experiments obtained earlier (Axelsson 
1939), in the form in which he himself presented thern. This con- 
formity is very important since it shows that the individuality of 
the exj)erimental animals need not be taken into consideration when 
tlie material is treated for purposes here intended. Accordingly, it has 
been possible to make this adaptation in quite an objective manner, 
which, on the contrary, would not liave been tlie case if individuality 
of the animals should have been taken into consideration, since, 
by doing so, a purely subjective opinion would have been called for. 

The Value of Metabolizable Energy in Maintenance at 
a Varia ble Percentage of Crude Fiber in the Dry Matter 

of the Rations. 

According to the method followcd by Kellner as well as by 
Fingerlino and Mollgaarb in the difference experiments, the value 
of the metabolizable energy for maintenance is independent of the 
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crude fiber content of tbe dry matter in the rations. Kitzman and 
Beisedict (1938) drew the same conclusion from their metabolism 
experiments with cattle carried on throu^jh raany years. The food- 
evaluation generally used in Europé, which is based on Kellner^s 
doctrine of value-numbers, presupposes, however, a deciine in the 
value of the metabolizable energy of maintenance-feed when the per- 
centago of crude fiber rises. As shown earlier (Axelsson 1945), this 
opinion is without support even after the revision of the European 
material that Breirem (1944) carried out. So in the previous treat- 
ment of the experiments the maintenance-value of the metabolizable 
energy was considered to be independent of the crude fiber content 
of the dry matter in the rations. 

The result obtained by this method is, however, no proof of the 
correctness of this view. For it is conceivable that not only the me¬ 
tabolizable energy of the production-feed but also that of the main- 
tenance-feed may have diminished in value when the crude fiber 
content of the rations deviated from the optimum, irrespeetive of 
whether the deviation went in direction of a lower or a higher per- 
centage. This would imply that the connection between the effici- 
ency coefficient and the content of crude fiber showed a weaker op¬ 
timum than what funetion (1) indicates, at the same time as a similar 
optimum — even this one, however, rolatively weak — would have 
existed in the maintenance-feed. Even its metabolizable energy 
would in such a case give the highest effeet when the crude fiber 
content of the dry matter in the feed amounted to 18—23 %. 

If this were the case, the least amount of metabolizable energy 
would be used when the percentage of crude fiber is that last men- 
tioned, even if the animals go on only maintenance-feed. As a rule, 
we nevertheless keep our cattle during their stable-period on a main- 
tenance-fodder of 30—33 % of crude fiber in the dry matter regard- 
ing this to imply no waste of energy. It is, however, a well-known 
faet that dry cows are able to thrive on pasture even if the crude fi¬ 
ber content is as low as 20—25 %. Xet there seems to be no saving 
of energy taking place. Practical experience does not therefore appear 
to be contrary to the theory that is based on metabolic experiments. 

In order to elucidate this problem completely, if possible, Eriks¬ 
son started experiments with rabbits at the Institute of animal 
nutrition in the autumn of 1943. He used 18 adult females of the 
liittle Chinchilla, divided in to three ec^ual groups. All the animals 
received 7—8 g of digestible protein per day in addition to a suffi- 
cient amount of vitamins and minerals. As basal feed group I re¬ 
ceived wheat-flour, and the two other groups hay and concentrates, 
the crude fiber content of dry matter in the two rations beeing 3.8 % 
and 19.8 % respectively. The difference between the two latter 
groups was that the hay was ground in group II but chopped in 
group III. Our intention was that the fodder should contain the 
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Fig. 4. Graphic representation of the average-weight of the rabbit-groups (uppor 
part) and the ternperature of stable (lower part) during the experiment. 

same amount of metabolizable energy in the three groups. After 
the experiment had lasted for a period of 221 days, Sept. 28th, 1943 
— May 5th, 1944, a change was made, inasmuch as group II received 
a fodder that was intermediary in relation to that of the two other 
groiips. For it was (3onceivable that an optimnm might be found for 
the intermediary eoiitent of crude fiber. After this change the ex¬ 
periment was (iontinued during the period of May 6th, 1944 — Febr. 
9t]i, 1945, aeeordingly during 280 days. As to the weight of the ani- 
mals, the result, whieli will later be published in a complete form by 
Eriksson, has been graphically represented in Figure 4, in which 
even the ternperature of the stable has been recorded. 

One peeuliarity was that the digestibility of the feed in group I 
gradually inereased during the first part of the experiment, on ac- 
eount of which this group received more metabolizable energy than 
the other two groups, in spite of the fact that the arnount was di¬ 
mini shed after each period o£ determination. So first after this rise 
ceased did the groups rank equal. As may be seen from the figure 
the weight of group I rose during this x)art of the experiment. Ålter 
the amount of metabolizable energy had sunk to a level with that 
of the fodder of the two other groups, the weight, however, again 
approached that of the groups last mentioned. During the latter 
part of the experiment the three groups practically revealed the same 
average weight. 

As is evident, group II remained intermediary in relation to the 
two other groups. So there was no indication of an optimum of crude 
fiber content. During the whole experiment, groups I and III were 
directly comparable with each other, and for this reason the average 

9—46441 Kungl. iMntbrukshogskolans Annaler Vol. 13 
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of their 501 days’ long experimental period was calculated. The 
resulta are given in Table 7. 


Table 7. The Eeault of the Experiment with Rabbits on Maintenance- 
Feed with Different Gontents of Crude Fiber. 


Group 


I 

III 

78 

116 

3.8 

19.8 

86.1 

58.4 

275 

273 

3.05 

2.96 


Dry matter per animal and day, g. 

Cnide fiber content of dry mattor, % . 

Digestibility of the organic matter, %. 

Metabolizable energy por animal and day, kcal 


The result seerns to indicate that the vahio of the metabolizable 
energy for maintenance was independent of the crude fiber in the 
dry matter of the rations. If, in accordance with our old evaluation 
of foodstuffs, the value of the metabolizable energy in group III had 
only amounted to 90 % of that in group I, there should have been a 
manifestation of this during the experimental period. In order to 
obtain greater certainty, however, Eeiksson has later started me- 
tabolic experiments with one and the same animal on the different 
rations, as a result of which more definite knowledge will be attained. 
The present results of these experiments agree with that obtained 
in the group experiment. 


The Connection between Maintenance-Feed and Body- 
Weight of Young Animals. 

In order to elucidate this problem, the material from 9 pairs of 
uni-ovular twins on low and high level of nutrition were placed at 
our disposal through the benevolent consideration of the Institute 
of Domestic Animal Breeding at Wiad. The result obtained when 
the feed was evaluated in Scandinavian feed-units, a power of 5/8 
beeing used, has been published in brief by Bonniee and Hansson 
(1945). According to the result graphically represented, the consump- 
tion of feed per kg of growth during the period of 1 to 27 months of 
age should have been about 3 V 2 times as large for high as for low 
level of nutrition, when the feed necessary for maintenance had been 
subtracted. As the two groups did not give the impression of hav- 
ing a corresponding difference as to the content of energy of the 
body, it seemed to be desirable to re-test the potency. 

In doing this we estimated the maintenance to be 5.75 feed-units 
for ruminants, fe(i), for animal on the high level of nutrition at a 
weight of 550 kg, and a 10 % lower amount of energy for those on 
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the low level. These limit values correspond to those recorded in an 
earlier work (Axelsson 1943). The k-values obtained at varying 
powers for the two levels of nutrition are to be seen in Table 8. 


Table 8. K-values of Varying Powers and Levels. 


Power 

K*value at 

low levöl 

high lovel 

5/8 i 

281.8 

313.1 

0.8 

93.7 

104.1 

0.0 

49.6 

65.3 

1.0 

20.7 

29.6 


As may bo seon, the k-values at the power of 5/8 were many times 
highor than in the Europoan metabolic experiments, a fact that in- 
dicates that this power is too low. The k-values obtained from the 
powers 0.8 and 0.9 ha ve a close correspondence to the Values of the 
metabolic experiments, but the values of the power 1.0 are consi- 
derably lower. So in all probability the power last rnentioned is too 
hifjh. 

By means of these k-values and powers we then computed the feed 
necessary for maintenance for each month of living. Buring the 
period of 1—27 months the remaining amount of feed, which was to 
have been used for production, is — at a varying power — included 
in Table 9. 

Table 9. The Numher of f€(i) per hg of Qrowih at Varying Powers 

and Levels. 



Number of fe(i) per kg of 1 

Power 


growth at 



low level 

high level 

mcrease, % 

5/8 

0.80 

3.24 

305 

0.8 

1.82 

3.92 

115 

0,9 j 

2.35 

4.28 

82 

1.0 i 

' 2.76 i 

4.56 

65 


As too small an amount of feed would have been used per kg of 
growth for a power of 5/8, it is confirmed that this power is too low. 
Such a low consumption as 0.80 fe(i) per kg of growth can hardly be 
considered plausible, even if the level is low. To this must be added 
the fact that the amount used at the high level also must be conci- 
dered to be too low. On the other hand, the amounts of feed-units 
used for a power of 1 seems to be too great both at low and high le- 
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vel, as a result of which there is additional proof that this power is 
too high. 

The two remaining powers 0.8 and 0.9 seem to indicate a plausible 
food consumption per kg of growth. To decide which of them to 
choose by preference is, of conrse, difficult. In order to facilitate 
this, the number of feed-units per kg growth for each period of two 
months has been recorded in Table 10. 

Table 10. The numher of Feed-uniis per leg of Growth at Different 

Levels and Powers. 



Feed8>units per kg growth at 

Month of life 

low level 

Ingh level 


pow. 0.8 

pow. 0.9 i pow. 0.8 

pow. 0.9 

2~3 

0.69 

1.09 

1.30 

1.57 

4-5 

1.06 

1.47 

1.29 

1.59 

6—7 

1.78 

2.21 

2.25 

2.59 

8—9 

2.09 

2.54 

3.40 

3.85 

10—11 

2.23 

2.69 

3.72 

4.12 

12- 13 

2.34 

2.85 

3.99 

4.40 

14—15 

2.19 

2.77 

4.47 

4.88 

16—17 

1.94 

2.57 

4.63 

5.02 

18—19 

1.63 

2.24 

4.55 

4.89 

20—21 

1.97 

2.55 

5.01 

5.33 

22 -23 

1.83 

2.43 

6.42 

6.78 

24—25 

1.95 

2.07 

9.14 

9.57 

26—27 

2.35 

3.27 

12.02 

12.56 


The four series have been graphically represented in Figure 5. 
It appears from the table and the figure that, at a low level, the usc 
of food per kg of growth had inereased during the first 12 months, 
after which it had deereased during 6 months, only to rise again — 
though somewhat irregularly — towards the end of the period. This 
coincides with what is recorded in the above-mentioned work (Axels¬ 
son 1943) at a low level of winter feeding. Oii the other hand, at a 
high level, the consumption of feed per kg of growth inereased, ex- 
cept during the 18th—19th months when it deereased somewhat 
in relation to the amount used during the two immediately pre- 
ceding months. 

Por the power 0.8 the use of feed per kg of growth was during the 
total number of months lower than for the power 0.9. Greatest was 
the difference during the first months, due to the faet that the con¬ 
sumption per kg of growth for the power 0.8 was then remarkably 
low. In order to facilitate an estimation, the obtained consumption 
of feed has in Table 11 been compared to the standard numbers 
of Swedish red and white cattle, SRB, recorded in the above men- 
tioned work (Axelsson 1943). 
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Fig. 5. Graphic representation of fe(i) — feed unit for ruminanta — consumed 
per kg live-weight-incroase at low and high lovela by tho Wiad-twins. The whole- 
drawn lines repreaent the power 0.8 and tho broken lines the power 0.9. 


Table 11 . GonsumpUon of Food per kg of Groicth in Comparison 
with the Standard Level of SRB, 


i 

1* c r i o d 1 

Low 

lovol 

Standard 

level 

High 

level 

2nd --3rd month: 




growth in kg. 

24.5 

40.0 

42.3 

feod-units per kg growth: power 0.8. 

0.69 

1.39 

1.30 

» 0.9. 

1,09 

1.57 

2nd—27th month: 




growth in kg. 

304 

397 1 

416 

feed-units per kg growth: pow’or 0.8. 

1.82 

2.78 

3.02 

.> 0.9. 

2.35 

4.28 


As (*an be seen, when the level was low the growth was considerably 
less than for standard feeding, whereas for the high level it was some- 
what higher. Accordingly, the consumption of feed per kg of growth 
should have been considerably less at the low level, but somewhat 
greater at the high level than at the standard level. As the consump- 
tion during the first two months with regard to the power 0.8 fell 
below the standard when the level was high this power seems to be 
too low. The power 0.9, on the other hand, seems to be somewhat 
high, since the difference between the consumption of food at low 
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and standard level was too slight in relation to the difference between 
the consumption at standard and high level. The power would thus 
lie fairly lialf>way between 0.8 and 0.9, on account of which the power 
0.85 seems to be suitable. Nevertheless, additional material is re- 
quired before we can consider the question solved to the extent de- 
sired. The result, however, ap^ees in a satisfactory way with that 
obtained from metabolic experiments. 


Summary. 

In the European metabolic experiments the need of metabolizable 
ener^fy in kcal for the maintenance of the animals, JtJ, as a function 
of the body-weight, F, was the following: 

The Möckern-material: A/ = 82.7 

Mollgaard^s material: E = 69.1 F^*® 

The power 0.8 is applicable to groups of adult animals when, as is 
the case in praxis, the variation in weight partly depends on heredi- 
tary factors, partly on various level of nutrition. The power for one 
and the same animal at various weight seemed to be somewhat higher. 
In experiments with rabbits the value of metabolizable energy for 
maintenance was independent of the crude fiber content of the dry 
matter in the rations. As to cattle, the same appeared to be the 
case in the experiments dealt with. In experiments with uni-ovular 
twins at Wiad a power of 0.85 seemed to be the most suitable. 
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The Ability of Brood Sows to Digest the Feed as 
Compared to that of Young Pigs. 

By SAM. NORDFKLDT. 

{From The Animal Research Station oj the Royal AgricuUural College oj Sweden). 


It is often reportecl that brood sows and old pif?s as a rule utilize 
fresh green fodder, grain hulls, roots and other coarser feed eon- 
siderably better tlian young growing pigs. Moerikon points out 
(1937) that growing pigs have less ability to utilize* eoarser feed 
than old pigs, especially brood sows. Axelsson mentions (1939) 
that the ability of the pig to digest the feed appears to inerease 
during the development of the animal, and that the ability to digest 
the fiber is especially inereased. Breieem (1935) carried out a 
number of digestion trials with pigs in connection with investiga- 
tions into metabolism; thereby he observed a slightly better di- 
gestibility in two large swines than in six young pigs. The feed 
consisted meanly of barley, corn and wheat. The large swines were 
at the beginning of the experiment about 14 months old and at 
the end of the experiment 18 months. The weight at the beginning 
of the experiment was 180, and at the end of the experiment up to 
210 kg. The young pigs were at the beginning of the experiment 
2 months old, and at the end 7 months. Their weights were at the 
beginning of the experiment 19 kg each, and at the end 90 kg. The 
digestibihty of the organie matter of the feed mentioned above was 
for small pigs 86.1 % and for large pigs 87.9%. Por the various 
nutrients in the feed the difference was still larger, as for example 
concerning protein and fat where the difference amounted to 6 
and 18 units respectively. In one trial where the pigs received a 
high percentage of protein in the feed the results in large swine were 
2.2, 3.7, and 11.1 units higher for organie matter, protein and fat 
than in the young pigs. The results regarding crude fiber appeared 
uneertain. When a high percentage of protein was given in the feed, 
the old pigs digested the fiber best, but otherwise the young pigs 
digested the fiber best. It was supposed that the inereased digesti- 
bility had no connection with the age of the pigs, because no in- 
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crease thereof could be found for the small pigs in connection with 
their increasing age. These pigs were namely controUed regarding 
their digestive ability from the age of 70 to 230 days. It was snp- 
posed that the increased digestibility of the larger pigs depended 
upon their being fed before the beginning of the experiment. For 
until then the animals had been on pasture grazing, and it was 
supposed that this feeding had caused a better bacterial activity 
in the digestive tract of the pigs. 

Another series of experiments were reported by Tjioman, Lutz 
and Kaegi (1934). In these experiments the digestive ability was 
tried in pigs weighing 30, 50, 75, and 100 kg. The trials were re- 
peated twiee. In the first experiment an increase in the digestibil¬ 
ity of the organie matter of the feed was obtained according to 
age, namely from 80.1 %, when the pigs weighed 32 kg, to 84.0%, 
i.e. 3.9 units higher, when a weight of 100 kg was reached. In the 
second trial no siich increase of the digestibility was found. In the 
tliird trial an increase of 2.9 units from a weight of 40 kg to a weight 
of 148 kg was found. The feeding ratio in all 3 experiments eonsisted 
of the same feeds, namely barley, corn, bran, fish meal, hay meal 
and skimmed milk. Tlie digestibility was determined for these 
mixtures as such. The composition of the mixtures was slightly 
different in the older pigs than in the younger, but for this dif- 
ferenee, corrections in the obtained coeffi(dents of digestibility were 
made. Only in tlie first and third experiment did the results of the 
trials give an increase of the ability to digest the organie matter 
with an increase in age of the animals, but no such result was ob¬ 
tained in the second experiment. However, the pigs in the second 
experiment had been fed a coarser feed prior to the experiment 
than the animals used in the first and third experiment. It should 
be noted also that the pigs used in the second experiment showed 
a digestibility of organie matter which was 4 units higher than for 
the animals used in the first experiment. It is therefore possible 
that this is the reason why no increase was found in the animals 
mentioned. 

Edin and coworkers (1930) also noticed an increase of the di¬ 
gestive ability for pigs with an increasing age of the animals. The 
weight of the pigs was in three cases at the beginning of the ex¬ 
periment 33 to 34 kg, and in two cases 43 and 49 kg. The trials 
were discontinued when the pigs weighed 85 to 100 kg. The digest¬ 
ibility of tapioca meal and fish meal was determined. It was ob- 
served that the digestibility of organie matter in these feeds was 
increased with the age of the animals. The increase in digestive 
ability was caleulated to 0.03 units daily, or 3 units per 100 days. 
It was not ascertained, however, whether this increase depended 
directly upon the increasing age of the animals or if it was caused 
by any other circumstance. 
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Experimental. 

In order to investigate this problem more thoroughly, a nurnber 
of experiments were carried out, where the digestive ability of brood 
sows was compared with that of young piga by using the same kind 
of feed for both types of animals. The age of the brood sows at 
the beginning of the experiments was in an average 641 days, and at 
the end of the experiment 743 days, that is about two years. The 
weight of the animals was in average at the beginning of the ex¬ 
periment 193 kg, and at the end of the exi)eriinent 202 kg. These 
animals hade been controlled from their birth with regard to their 
feeding. When they grew up they were exereised out-of-doors in 
outside paddoeks, but were not allowed on pasture. However, 
during winter-time they had been fed limited amonnts of silage 
of alfalfa or clover. The young pigs used in the experiment had at 
the beginning of it an age of 133 to 150 days, and at the end of the 
experiment 187-206 days, The weight was in average at the be¬ 
ginning 54 kg, and at the end of the experiment 92 kg. In the ex¬ 
periment 3 brood sows and 6 pigs were used. The brood sows as 
well as the younger pigs were of the co-called Swedish Land-Kaee 
Breed from the stock of the Animal Kesearch Station. 

Feeäs tested, Five different types of feed mixtures or feeds were 
tested in the experiment. The feeds ineluded were: 1. 100 % oats; 
2. 50 % oats and 50 % corn^; 3. 25 % oats and 75 % corn; 4. 100 % 
eorn; 5. 23 % eorn, and 77 % sugar beets for feeding. The quality 
of the eorn, oats and beets was normal. The eorn was the irnported 
yellow type, usually sold in the Swedish market. The other feeds 
were produced on the farm of the Swedish Agrieultural College. 
The Chemical composition of the feeds is given in table 2. The di- 
gestibility of oats and sugar beets was determined by indirect cal- 
culation, and for the other three feed mixtures by direct determ- 
ination. In all trials the so-called qualitative method for determ- 
ining digestibility according to Edin (1918, 1926) was used. The 
technique accepted in the exi)eriment8 was as follows: 

The pigs were fed individually, and from each animal the feces 
were collected individually. The mineral requirement was regulated 
to about 0.6 % Ca and 0.4 % P in the dry matter of the feed, which 
gives a Ca/P-quotient equal to 1.6. The need of common salt in the 
pigs was satisfied by giving up to 10 grams of NaCl per animal 
daily. In cases where an indirect determination of the digestibil- 
ity was made corn was used as a basal feed, namely 50 % for oats 
and 23 % for sugar beets. In percentage of dry matter it amounts 
in the last case to 60 % corn and 40 % beets. Before the feeding 
of the animals, the feed was always given soaked with water to a 
consistency of thin porridge. The animals were fed three times a 
day, viz. mo rning, noon and evening. After the feed had been eaten 

1 com = maize. 
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by the animals, they were always served fresh water. The plan of 
the experiment and the ainounts of feed used in the different trials 
is given in table 1. 

Chromium oxide macaroni. In Bdin’s method chromium oxide is 
used as a tracer or clue substance. This clue substance is not ab- 
sorbed in the digestive tract, and it is therefore possible, when a 
known amount of it is given in the feed and the amount remaining 
in the feces is known, to determine the digestibility of different 
iiutrients. The details concerning the use of this method is lately 
reported by Edin and coworkers (1944). The mixing of the feed 
and the chromium oxide macaroni is to be carried out thoroughly 
ia experiments with pigs. 

When the feed and macaroni mixture had been sufficiently well 
mixed, they were weighed up in bags of 10 kg net weight. Before 
tlie feeds were mixed, a sample was collected from each feed for 
Chemical analysis. Each feeding experiment included 18 days, namely 
8 days in a ])reliminary period and 10 days as an experimental period. 
The (‘.ollection of feces was carried out in such a way that all the 
feces not contaminated with urine were collected. Every other day 
the feces w^ere delivered to the laboratory for analysis. Thus, five 
collections of feces were included in each experiment. The feces 
were collected in containers of aluminum of an 0.6 litre’8 size. 
For conservation of the feces, two drops of forrnic acid were used in 
each collection. Before delivering to the laboratory a slip of paper 
was deposited in the container giving the number and the data of 
the collection. 

Analynis of feeda and feces, The analysis of feed was carried 
out according to regulations given by the Koyal Swedish Board 
of Agriculture, nr. 6, 1940. This regulation includes the use of 
standardized international methods for feed analysis. The feces 
were analyzed according to the technique recommended by Edin 
and coworkers (1944). It should be noted that, in digestibility 
trials with pigs, determinations of nitrogen should be carried out 
on fresh feces as well as on those dried, because a loss of nitrogen 
takes place during the drying of this material. In each sample of 
feces two determinations of dry matter, ash, and chromium oxide 
were carried out. This means, that for each animal in the experi¬ 
ment ten different determinations are made of the digestibility of 
the organic matter of the food investigated. The dried feces from 
each determination are collected into a general sample, upon which 
a final determination of fat, protein, N-free extract and fiber is 
carried out. This analysis together with the analysis of chromium 
oxide and nitrogen of the fresh feces, the analysis of the feed and 
the amount of chromium oxide mixed in with the feed, is finally 
used for caleulating the digestibility coefficients as described by 
Edin (1926). 



AnimaU in the Digestion Experiments. 


140 


Sam. Nordfeldt 


o 

$ 

c 

•»ib 

§ 

00 

é 

O 

o 


§ 

$ 

e 

Oj 


« 

1 

Ii 


o:> 

rC 


fO 

a 


W 


X 


a: 


bO 

X 


T3 

C 


bo 

X 


TJ 

G 

la; 


iP o ^ , bi) 

■|S-a « 

'5^ C 5 C Ph CJ 

5 ® a 



p OÖ hl 

c bc o 
o p «-• 


CO >c ® 
00 05 00 o 
»C «0 CO CO 


»O 
^ - 
05 ; 


'•(l» 01 ^- 

»0 CO QO I> 


O 05 « 

»-• f-i CO w 

I-H |iH F-^ I-H 

O ^ CO w 


o o 
oi CO 


5^ 

ffi LO 




r- 

(N 

<N 

1 

1 — 

- 

03 


« 


»O t>. <N 05 
05 05 C 05 


>*♦< CO O OO 
05 05 O 05 
F- ^ <M -H 


CO OI O hh 
1-1 <N Ht CO 

^ <i ot i 

I-I OI CO oi 


n 


Per 100 kg of feed mixture a supplement of 4 kg tankage was given. 

Digestibility of oats calculated indirectly from the trials 105-110, 132-137, 111-113, and 138-140. 

* i> sugar beets calculated indirectly frora the trials 123-128, 132-137, 129-131 and 138-140. 
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Fig. 1. Superiority of brood sows to digest organu; matter as rompared to that 
of young pigs. Weight of the sows, 200 kg, weight of the pigs, bolow 92 kg. 
Experiments conducted with 6 pigs and 3 sows. Corn, oats and mixtures of 

oom and oats tested. 


Results. 

The results of the experiments are collected in table 2. In this 
table the Chemical composition of the feeds or feed mixtures tested 
is given and also the average results in digestibility for 6 pigs 
tested as compared to the results from the 3 brood sows. From 
table 2 it is clearly seen that brood sows were distinctly su- 
perior compared to young pigs, regarding the ability to digest the 
feed. As to corn, the digestibility of organic matter was for young 
pigs 88, und for brood sows 91 %. In oats alone the digestibility 
was for pigs 66, and for brood sows 72 % for organic matter. It is 
interesting to note that this superiority differs in such a way that 
it is greater for certain feeds than for others. This is demonstrated 
in table 2 and also in figures 1 and 2. Fig. 1 shows the influence of 
increasing amounts of oats upon the digestibility, whereas in fig. 2 
the results are given in relation to the content of fiber in the feed. 

In fig. 3 the different ability of brood sows and younger pigs in 
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Fig. 2. SufHJriority of brood sows to digest organic matter as compared to tliat 
of young pigs, when fiber content in the feed is considered. Weight of the 
sows, 200 kg, weight of the pigs, below 92 kg. Experiments conducted with 6 
pigs and 3 sows. The fiber content in the feed regulated by increasing araounts 

of Oats in com. 


digesting K-free extract is illustrated. It is found that the superior- 
ity of sows is soniewhat larj^er regarding corn than for oats. As to 
protein there is a very evident superiority of digestibility in oats 
for brood sows, which is illustrated in fig. 4. Thus the superiority 
of sows here is not less than 19 units whereas for corn it is not 
more than 4.6 units. Eegarding fat, this is digested about 18 units 
better by brood sows in oats, but only 5.8 units better in corn. 
This is shown in fig. 5. An opposite result is found concerning 
the digestibility of fiber in oats as compared to fiber in corn. Here 
sows digest the fiber about 37 units better than pigs whereas the 
corresponding value for oats was about 11 units. The results are 
interesting, and as mixtures of corn and oats have given results 
falling between those of corn in one case and oats in the other case, 
this will confirm the reliabllity of the results, which is illustrated in 
fig. 6. From this figure it is seen, that the ability of younger pigs 
to digest the fiber in corn and oats is about the same in these two 
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Fig. 3, Superiority of brood eowa to digest Ndroe extraot as eompared to that 
of young pigs. Wcight of the sows» 200 kg» woight of th<i pigs, below 92 kg. 
Experiments conducted with 6 pigs and 3 sows. Corn, oats and niixtures of 

oorn and oats tested. 
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Fig. 4. Superiority of brood sows to digest protein as eompared to that of young 
pigs. Weight of the sows» 200 kg, weight of the pigs, below 92 kg. Experi¬ 
ments conducted with 6 pigs and 3 sows. Com, oats and mixtures of com 

and oats tested. 
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Fig. 5. Superiority of brood sows to digest fat as compared to that of young 
pigs. Weight of the sows, 200 kg, weight of the pigs, below 92 kg. Experi- 
ments conducted with 6 pigs and 3 sows. Com, oats and mixtures of com and 

Oats tested. 


feeds and in different mixtures of them. The superiority of sows 
regarding digestibility of fiber in corn is obvious. 

Tn fig. 7 a general picture of the superiority of brood sows in di- 
gesting different nutrients ia found. In the construction of this 
figure the positive differences for brood sows as found in table 2 
have been used. The figure therefore illustrates how definitely better 
protein and fat in oats are digested by sows compared to these 
nutrients in corn. This has also influenced the digestibility of or- 
ganic matter in oats, while the superior digestibility of N-free ex- 
tract is somewhat lower in oats than in corn. 

The influence of fiber on the digestive ability of brood sows and 
growing pigs. From the results given in table 2 it is found that, in 
experiments with increasing amounts of oats in corn, crude fiber 
has a marked influence upon the ability of pigs to digest the nu¬ 
trients. In the following the results shall be given from a statisti- 
cal treatment regarding this correlation. In that treatment re¬ 
sults from digestibility experiments with silage of green fodder also 
were included. In the material available, the correlation between 
the fiber in the dry matter of the feed (x) and the digestibility of 
organic matter of the feed (y) was calculated. For brood sows the 
correlation coefficients had a value of —0.78, and its probable sipu- 
ficanoe was higher than 95 %. The regression coefficient (byx) of 

10-46441 KungL LarUbruk9kågskolans Annaler Vol. 13 
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Fig. 6. Superiority of brood sows to digeet fiber as coinpared to that of young 
pigfi. Weight of the sows, 200 kg, weight of the pigs, below 92 kg. Experi¬ 
ments eonducted with 6 pigs and 3 sows. Corn, oats and mixtures of com and 

oats tested. 


the digestibility of organic matter on the content of fiber in dry 
matter of the feed amounted to 1.69. By use of the formula y — 
a + byx-oo the regression of the digestibility of organic matter 
on the crude fiber content of the dry matter of the feed was cal- 
culated. The following equation of regression was obtained: y = 
92.8 —1.69 X. This function agrees very closely with the formula 
found by Axelsson (1939); y— 92.2 — 1.68 x\ 

The material for the young pigs was treated in the same way 
together with other material from earlier experiments. Material 
from a number of 99 experiments with 18 different feed ratios or 
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Fig. 7. buperiority of brood sows to digest different nutrients as compared to 
that of youiig pigs, if the ability of the pigs is equalized to the zero level. 


feeds was included in the calculation. By use of the same designa- 
tion for crude fiber in the dry matter of the feed and for the di- 
gestibility of organic matter the correlation coefficient between 
the amount of fiber and the digestibility was calculated. Its value 
was —0.93 and its significance more than 99.9%. The regression 
coefficient (byx) of the digestibility of organic matter on the 
content of fiber in the feed amounted to —2.01. The regression 
of digestibility of organic matter on the crude fiber of the feed was 
calculated, and the following equation of regression found: y = 
92.99 — 2.01 X. 

These results indicatc that for the young growing pigs below 
90 kg in weight the digestibility of the organic matter decreases 
two units for each percent as the content of crude fiber is increased 
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Fig. 8. Comparison betwoen^ the ability of brood bows and younger pigs to 
digest the organic mattor in feeds with different content of fiber. Kegression 
lines corresponding to the following equations of regression: for brood sows 
y — 92.8 — 1.69 x\ for younger pigs y == 92.99 — 2.01 oj. 

in the dry matter of the feed, while this depression for brood sows 
only amoimts to 1.69 units. From this follows that the ability of 
brood sows to digest the feed better than young pigs is greater the 
more fiber the feed contains. For a feed containing two percent 
of fiber in the dry matter the difference in digestive ability is only 
1 or 2 units, whereas for a feed containing 10 percent of fiber the 
difference amounts to 4 units. For green grass or silage containing 
20 percent of fiber in the dry matter the difference is increased to 
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more than 7 units. This increasing difference in digestibility with 
increasing amount of fiber is illustrated in fig. 8, which gives the 
regression lines of the equations given above. 


Discussion. 

In the results obtained it is demonstrated that, in comparison 
with young pigs, brood sows were definitely snperior as to their 
ability of digesting the different nutrients in the feed. Especially 
high was this superiority concerning fiber. In order to understand 
this fact it is necessary to know, where the decomposition of the 
fiber in the digestive tract takes place. It is well-known (Mangold 
1934) that different enzymes have little or no influence upon the 
decomposition of the fiber. In almost all cases where the animals 
eat a rather large amount of vegetable material, the decomposition 
of fiber is due to the enzymes of symbiotic micro-organisms. Of 
these the most important are flagellata, infusoria and bacteria. 
Digestion of crude fiber in the pig, occurs neither in the stomach 
nor the small intestine, but only in the caecum and colon. It has 
been found that extracts of mucosa are inactive in the decomposi¬ 
tion of fiber. From experiments reported, it appears that large 
variations occur in the ability of pigs to digest fiber. In one and 
the same feed there is often reported a different digestibility of 
this component. According to Mangold (1934) Kellner has for 
rye reported a digestibility of fiber of 2.3%, Lehmann 10%, and 
Honcamp 19.7 %, while Mangold and Stotz give a value of 
25.6 %. These different values possibly depend on a different 
activity of the bacterial flora in the digestive tract, according 
to the different feeds that had been fed in addition to the rye 
tested in the experiments. As it is known that the decomposition 
of fiber takes place in the caecum and the colon and not in 
the stomach or the small intestine, it must in this connection be of 
interest to study how the different parts of the digestive tract de- 
velop in the growing pig. Since brood sows have a definitely su- 
perior ability in digesting crude fiber as compared to the young 
pig, it may be expected that the capacity of the colon is faster de- 
veloped than that of the stomach and the small intestine. Such is 
also found to be the case. An investigation into these problems 
has been carried out by Smith and coworkers (1944). They investi- 
gated the circumstance that the ability of pigs in gaining weight 
is very individual, so they wanted to study if the ability to gain in 
weight had any connection with the development of the digestive 
tract in the animal. In their experiments they found that with 
advancing age the capacity of the stomach did not seem to increase 
as markedly as that of either the large or small intestines. The 
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capacity of the large intestines increased at a rate equal to, if not 
exceeding, that of the growth weight. This was in marked con¬ 
trast to the stomach. capacity. With an increasc in growth, the ca¬ 
pacity of the large intestines consequently represents an increasing 
proportion of the total capacity. Thus it was found that the stomach 
of a pig weighing 23 kg had a capacity of 1.5 litres, whereas in a pig 
weighing 90 kg it had a capacity of 3.7 litres. The capacity of the 
colon during the same time was increased from 2.1 to 9.4 litres. 
The capacity of the stomach had therefore increased with only 
2.2 litres, while that of the colon had increased with 7.S litres. 
If this is calcnlated in litres per a certain unit of body weight, it 
is found that the capacity of the stomach per 100 kg of body weight 
was 6.5 litres when the pig weighed 23 kg, and only 4.1 litres when 
the animal weighed 90 kg. The capacity of the colon, on the other 
hand, was 9.1 per 100 kg of body weight when the pig weighed 
23 kg, and 10.4 litres when it weighed 90 kg. Hence it appears 
that with a resultant growth of the pig the colon comprises an in¬ 
creasing part of the total capacity of the digestive traet. Con¬ 
sequently, this change of the capacity of the digestive traet with 
an increasing age of the pig gives a good explanation of the faet 
that brood sows or old pigs generally digest crude fiber and feed 
better than young pigs, because, as mentioned before, the main 
decomposition of crude fiber takes place in the colon, and because 
a higher digestibility of crude fiber is as a rule followed by higher 
(ligestibility also concerning other organic nutrients (Kellneb 
1924). 

Since large pigs or brood sows are usually fed larg<*r amounts 
of grass, green fodder, or silage, all of which are rick in baeteria, it 
may be expeeted that this type of feed may further inerease the 
ability to digest the fiber. In experiments carried out by Vab- 
TIOVAARA, Eoinb, and POIJÄRVI (1944) it was found that the di¬ 
gestibility of fiber could be increased by feeding the pig sorae sub- 
stance containing baeteria. During the years of war (1940-1945) 
the workers mentioned investigated the jwssibility of increasing 
the ability of pigs to digest so-called fodder cellulose. At first the 
decomposing ability of baeteria was tried in laboratory experiments. 
Baeteria originating from different parts of the digestive traet of 
horses and pigs were tried. It was found that baeterias from the colon 
of horses had a very good ability to decompose fodder cellulose. In 
other experiments such baeterias were cultivated and given to brood 
sows during a period of 11 days. This was found to inerease the di¬ 
gestibility of the organic matter in the fodder cellulose considerably, 
in one case not less than 19.6 units. 
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Summary. 

In digestibility experiments with pigs the ability to digest the 
feed in young growing pigs weighing below 92 kg was compared to 
that of brood sows weighing about 200 kg. Different mixtures of 
Oats and corn^ were tried in the experiments. Sugar beets for feeding 
were also tested. In the experiments 6 pigs and 3 brood sows were 
used. The so-called qualitative method for determining digestibi- 
lity was used. The results from the experiments were as follows: 

1. Brood sows digested their feed decidedly better than young 
pigs. This difference was espeeially marked in feed rich in fiber. 
When the pereentage of fiber in the dry matter of the feed was de- 
signated x and the digestibility of organic matter of the feed was 
designated the following equation of regression was obtained 
for brood sows: y = 92.8 — 1,69 x, Therefore the digestibility of 
organie matter decreases with 1.7 units for each percent as the 
fiber eontent of the dry matter of the feed is increased. By use of 
the same designation for the pereentage of fiber in the dry matter 
of the feed and for the digestibility of organic matter the equation 
of regression between the two variables mentioned was caleulated 
also for young pigs. In this ease the following funetion was obtained: 
1 /rrr 92.99 — 2.01 X, Thercforc the depression of the digestibility 
for eaeli percent inerease of fiber in the feed of young pigs amounts 
to two units. This means that for a feed with 6 percent of fiber in 
the dry rnatter, such as a mixture of equal parts of corn and oats, the 
organic matter in this feed is digested approximately 3 units better 
in large brood sows than in younger pigs. For a feed containing 20 
percent of fiber in the dry matter, such as fresh green grass or silage 
of grass, this superiority in brood sows is more than 7 units better 
than in younger pigs. 

2. The crude fiber in the feed has a very definite deereasing 
effeet upon the digestibility of organic matter in the feed of pigs. 

3. In comparison with young x)igs the superiority of brood sows 
in digesting the nutrients is different for different feeds and is espe¬ 
eially marked in protein, crude fat and fiber. As to protein and fat, 
the digestibility of brood sows is about the same in corn and oats 
and different mixtures of these grains. Young pigs on the other 
hand ha ve a definitely poorer digestion of fat and protein in oats 
than in corn. Regarding fiber the condition is the opposite. In corn 
and oats and mixtures of them young pigs digest the fiber about 
equally badly, whereas brood sows digest the fiber of corn definitely 
better than that of oats. All nutrients in all feeds containing fiber 
are better digested by brood sows than by young pigs. 


1 corn = maize. 
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The acid-base condition in vegetation, litter and 
humus: IX. Forms of bases. 

By SANTE MATTSON and ELISAVETA KOUTLEE-ANDERSSON. 
From the Inatitute of Pedology. 


The »bases» (cations) present in plant materials occur in different 
forms of combinations which may be separated into the foUowing 
groups: 

1. Cations of soluble, organic and inorganic salts. These ions 
dialyze directly. 

2. Cations in combination with acidoids. These cations can only 
be removed by exchange and may be dialyzed after the addition 
of ammonium salt. 

3. Cations of insoluble precipitates such as calcium oxalate. 
These ions may be dialyzed after digestions with HCl. 

4. Cations of the metal-organic compounds which do not dialyze. 

The present paper is a report on a study of the distribution of 

the common cations (K, Mg, Ca, Mn) between these four forms of 
combinations in different plant materials. The investigation em- 
braces also the distribution of phosphoric acid and silica. 

Description of materials. 

The materials selected for the quadruple analysis include: 

1. Fresh, undecomposed and unleached litter (Fq samples) from 
beech and ash in the Ultuna park (1943). The samples are from the 
same trees as the beech and ash leaves described in Part VIII of 
this series. 

2. Six weeks old oat plants (tops only) from cylinder experi¬ 
ments (1943), including 12 differently fertilized samples. 

3. Mature yellow pea plants (straw only) from cylinder experi¬ 
ments (1944), including 12 differently fertilized samples. 

4. One hard-cooking and one soft-cooking sample of yellow peas. 

The peas are not from the cylinder experiments but from samples 

supplied by professor E. Torssell in connection with an investiga¬ 
tion of the cooking qualities of peas, the results of which wiU soon 
be published in Acta Agriculturae Suecana. 

Our cylinder experiments are carried out in glazed terra cotta 
cylinders with an inside diameter of 30 cm and 85 cm in depth. 
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Fig. 50. Showing cylinder triangles. The anion cylinders rocoive the same 

amounts KCaMg, and the cation cylinders recoive the same amounts NPS. 

The experiment was started in 1942 when the cylinders were filled 
with a sandy soil taken from the trench in which they were placed. 
The cylinders are arranged in the form of two triangles: the »anion 
triangle» and the »cation triangle», each consisting of ten cylinders 
(fig. 56). Besides these triangle experiments there is a row of five 
cylinders representing special fertilizer treatment. 

The fertilizer is added to each crop in the form of Solutions which 
are made up and named as follows: 

nfAnion Solutions»: 

1. 3 N-solution: 400 m.mols KNOg, 200 m.mols Mg(N 03)2 *6 aq., 
200 m.mols Ca(N 03)2 • 4 aq., water q.s. 20 liters. 

2. 3 P-solution: 400 m.mols KH 2 PO 4 , 200 m.mols Mg(IT 2 P 04 ) 2 , 
200 m.mols Ca(ll 2 P 04)2 • 1 aq., water q.s. 20 liters. 

3. 3 S-solution: 200 m.mols K28O4, 200 m.mols MgS 04 • 7 aq., 
200 m.mols CaS 04-2 aq., water q.s. 20 liters. 

»Cation Solutions»: 

1. 3 K-solution: 400 m.mols KNOg, 400 m.mols KH 2 PO 4 , 200 
m.mols K 28 O 4 , water q.s. 20 liters. 

2 . 3 Ca-solution; 200 m.mols Ca(N 03 ) 2*4 aq., 200 m.mols 
Ca(H 2 P 04)2 • 1 aq., 200 m.mols Ca 804 • 2 aq., water q.s. 20 liters. 

3. 3 Mg-solution: 200 m.mols Mg(hJ 03 ) 2*6 aq., 200 m.mols 
Mg(H 2 P 04 ) 2 , 200 m.mols Mg 804 • 7 aq., water q.s. 20 liters. 

Each corner cylinder in a triangle receives 6 liters of a single 
solution (watered out in half liter portions during the first weeks 
of growth). The adjacent, two cylinders in the two sides of the tri¬ 
angle receive each 4 liters of the same solution. The next two cylin¬ 
ders in the same sides of the triangle and the cylinder in the center 
of the triangle receive each 2 liters of the same solution. In this way 
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each cylinder received 6 liters solution the composition of which is 
indicated in fig. 56. 

The row cylinders were watered with the following Solutions: 

1 . NH 4 + metals solution: 120 m.mols (^ 4 ) 2804 , 120 m.mols 
KH 2 PO 4 , 30 m.mols Ca(H 2 P 04)2 * 1 aq., 15 m.mols Mg(H 2 P 04 ) 2 , water 
q.s. 6 liters. 

2 . NH 4 ~ metals solution: 120 m.mols NH 4 H 2 PO 4 , 60 m.mols 
(NH 4 ) 2 S 04 , water q.s. 6 liters. 

3. Alkali salt solution: 200 m.mols KNO 3 , 200 m.mols NaH 2 P 04 * 
1 aq., 200 m.mols Na 2 S 04 , 200 m.mols NaCl, water q.s. 6 liters. 

4. Ooncentrated solution: 400 m.mols KNO 3 , 200 m.mols Ca 
(n 2 P 04)2 l aq., 200 m.mols MgS 04-7 aq., water q.s. 6 liters. 

5. Distilled water. 

After application of the 6 liters of nutrient solution the plants 
are watered with distilled water when needed. 

The experiment was started 1942 with a crop of barley, followed 
by Oats in 1943, yellow peas in 1944 and potatoes in 1945. The 
quadruple analyses here dealt with include only the oat and pea 
crops, and is limited to the six eorner cylinders of the triangles 
(3 N, 3 P, 3 8 , 3 K, 3 Ca, 3 Mg), one of the two center cylinders 
and the five cylinders in the row. 

Table 56 shows the yield of hay of the six weeks old oat plants, 
together with the yield of straw and kernel from the pea crop. 

The oat was seeded on May 5th and was cut on June 18th 
before the ai)pearanee of ears. The 3 8 -, the 3 P- and the water-plants 
showed the poorest development. The two NH 4 -plants began to 
turn yellow at the tips of the leaves at the end of the period. The 
cation-plants looked the best. 

The peas were seeded on May 24th and harvested in August 
between the 8 th and the 19th. The anion-plants looked slightly 
poorer and were the first to ripen. The NH 4 4 metals-plants gave 
by far the greatest yield. 

It is interesting to note that the pH, which was taken after the 
harvest of the pea crop in 1944, has already, after three applications 
df fertilizer, decreased by about 1.5 units in the NH 4 + metals 
cylinder, which receives large applications of (NH 4 ) 2804 . 

Methods. 

Thoroughly washed and electrodialyzed cellophane tubing, 56 mm 
in width, is cut in 20 cm lengths. Five to ten grams of the finely 
ground plant material is placed in the middle of the tubing, and 
water or solution, together with a few drops of toluol, is added to 
cover the material. The two ends of the tubing are joined and folded 
once transversely about 8 to 10 ram from the ends. They are then 
folded once longitudinally, rolled up and fitted into a piece of rub- 
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Table 66 . The yield of oat hay (1943) and of yéllow peas, atraw 
and kernel (1944), from cylinder experiments (fig. 56). The pH of 
the soil was taken after three fertilizer treatments. 


Treatment 

pH of 
soil 
Nov. 
1944 

Oat hay, yield per 
cylinder 

Pea crop, yield per cylinder 

n;o 

planta 

g 

Straw 

Peas 

n:o 

planta 

g 

number 

g 

3 N. 

6.30 

74 

41.1 

30 

49.1 

197 

42.7 

3 P. 

6.02 

69 

32.5 

30 

45.8 

255 

66.1 

3 S. 

6.00 

71 

30.8 

30 

47.2 

229 

50.0 

3 K. 

6.20 

76 

53.6 

30 

65.2 

294 

64.1 

3 Ca. 

6.12 

74 

47.0 

30 

84.3 

361 

90.5 

3 Mg. 

6.32 

74 

47.9 

29 

64.3 

276 

61.7 

KCaMg. 

6.23 

74 

60.7 

30 

63.0 

276 

61.2 

NH 4 -f metals 

4.40 

72 

44.3 

28 

88.8 

660 

137.8 

NH 4 - metals 

4.08 

68 

33.7 

23 

63.8 

311 

72.7 

Alkali. 

6.28 

72 

37.5 

26 

62.8 

278 

49.4 

Conc. 

6.28 

74 

62.7 

30 

76.5 

308 

73.7 

H,0. 

6.96 

69 

28.4 

30 

49.2 

266 

51.7 


ber tubing about 15 mm in length. A short piece of glass rod is now 
pushed up into the fold of the cellophane tubing, thus sealing up 
the bag which is now ready for dialysis. The bags are placed in 
tall, 250 cc beakers containing about 150 cc water. With the proper 
amoimt of air enclosed in the bags they can be made to float in the 
beakers at the desired degree of submersion. The beakers are placed 
in a large aluminum pot, partly filled with water and provided with 
an inner perforated bottom. The pot is placed on a hot plate and 
the temperature is regulated to between 55 and 60® C. This insures 
an efficient convection in the beakers and prevents fermentation. 

The solution in the beakers is replaced onee daily and is evapor- 
ated on a steambath in preparation for the analysis. 

The dialysis is carried out in three successive steps: 1 . in water, 
2 . in 0.25 n. NH 4 CI solution and 3. in 0.05 n. HCl solution. The 
first i^H 4 Cl addition, following the water extraction, was made 
with 1 n. solution and the first HCl addition, following the NH 4 CI 
extraction, was made with 0.1 n. solution. Fourteen replacements, 
each with about 125 cc, were found to be sufficient to remove each 
group of ions except in the case of the HCl-soluble Ca in beech leaves, 
which required 18 replacements. 

The evaporated dialysates were made up to a volume of 200 cc. 
Of this 100 cc were taken for the determination of SiOj, Ca and 
Mg. In aliquots of the remainder we determined K by the flame 
photometric method of Schuhknecht (1937), P according to Scheel 
(1936) by the photo-electric method, and Mn photo-electrically in 
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the form of permanganate. In the case of the water dialysate we 
determined the loss on ignition of the solid matter and the »excess 
base» in the ashes. The dialyzed residues were ignited and analyzed 
in the same manner. Table 57 gives the results obtained. 

Table 57. The content of Ca, Mg, K, Mn, P 2 O 5 and SiO^ in three 
successive dialysates and in the nondialyzing reaidue of beech and ash 
Utter (Fq), of hard- (H) and soft- (8) cooking yéllow peaa, of oat hay and 
of pea straw {table 66). 



Per 100 grams dry matter 








Dialyze- 

»Excess base» 

Sample 







able 


— 


Ca 

Mg 

K 

Mn 

P.O. 

SiO, 

organic 

Whole 

Dialyze 








matter 

sample 

able 


m. e. 

m. e. 

m. e. 

m. e. 

mg 

mg 

g 

m. e. 

m. e. 




I. Water-dialysates: 




Beech .. . 

11.4 

14.0 

13.8 

.53 

304 

934 

10.9 

121 

23 

Ash Fo. 

131.7 

31.7 

15.0 

.05 

324 

280 

26.3 

241 

139 

Peas H. 

1.4 

6.0 

22.3 

.01 

263 

19 

10.6 

_ 

_ 

Peaa S . 

1.1 

6.1 

28.7 

.01 

729 

18 

11.4 

— 

— 

Oat hay: 










3 N. 

41.2 

26.7 

161.4 

.18 

978 

623 

31.3 

211 

188 

3 P. 

18.6 

15.6 

145.0 

.26 

2449 

995 

29.1 

101 

93 

3 S. 

26.7 

16.3 

143.4 

.28 

1095 

382 

31.2 

127 

114 

3 K. 

22.0 

16,4 

195.3 

.13 

2035 

603 

31.6 

170 

153 

3 Ca. 

40.3 

24.7 

128.1 

.08 

1432 

650 

30.8 

147 

123 

3 Mg. 

28.0 

42.2 

131.4 

.12 

1471 

604 

30.1 

143 

124 

KCaMg. 

28.8 

26.3 

186.7 

.26 

1084 

673 

31.1 

158 

139 

NH 4 + metals 

17.4 

13.6 

173.5 

.35 

2725 

962 

29.6 

72 

64 

NH 4 *— metals 

23.4 

17.8 

141.4 

.34 

2681 

1185 

30.0 j 

49 

39 

Alkali. 

22.1 

22.0 

106.5 

.60 

1416 

913 

29.2 ! 

110 

90 

Conc. 

28.7 

34.0 

471.2 

.22 

1657 

1373 

31.2 

187 

155 

H ,0 . 

29.5 

16.0 

151.2 

.34 

1146 

605 

30.6 

148 

125 

Average | 

27.3 1 

22.7 1 

177.9 

.26 

1681 

781 

30.5 1 

135 1 

117 

Pea atraw: 










3 N. 

1 116.1 

{ 48.4 

67.2 

.21 

99 

90 

23.5 

300 

222 

3 P. 

26.2 

1 18.1 

112.7 

.14 

2090 

267 

15.1 

79 

28 

3 S. 

40.5 

34.4 

21.9 

.21 

165 

126 

17.7 

166 

104 

3 K. 

27.9 

11.7 

93.5 

.14 

719 

149 

17.7 

162 

108 

3 Ca. 

116.2 

22.2 

66.4 

.25 

457 

191 

20.2 

155 

101 

3 Mg. 

58.2 

84.7 

37.5 

.22 

646 

135 

21.7 

161 

108 

KCaMg. 

54.6 

34.8 

— 

.14 

662 

160 

16.8 

170 

106 

NH 4 + metals 

53.0 

17.6 

29.0 

.87 

505 

214 

15.4 

120 

67 

NH 4 — metals 

75.6 

30.1 

23.3 

.75 

418 

213 

16.6 

135 

43 

Alkali. 

52.2 

13.6 

55.6 

.19 

435 

87 

15.2 

133 

" 71 

Conc. 

45.0 

46.0 

86.1 

.09 

784 

173 

24.4 

184 

131 

H,0. 

68.4 

27.7 

54.5 

.25 

135 

111 

19.1 

186 

123 

Average 

61.2 1 

32.5 

58.0 

.25 

693 

160 

18.6 

163 

101 
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Sample 

j Per 100 grams dry matter 

Ca 
m. e. 

Mg 
m. e. 

K 

m. e. 

Mn 
m. e. 

mg 

SiOa 

mg 



II. NH4Cl.dialy8ate8: 



Beech Fq. 

29.7 

9.5 

.9 

.68 

6 

1128 

Ash Fo. 

00.9 

6.2 

.6 

.00 

44 

46 

Peas H. 

2.2 

.5 

.5 

.01 

83 

10 

Peas S. 

2.3 

.6 

2 

.02 

159 

13 

Oat hay: 







3 N . 

11.1 

3.3 

2.2 

.00 

13 

206 

3 P. 

11.l 

3.6 

2.8 

traco 

40 

556 

3 S. 

8.2 

2.7 

2.4 


6 

224 

3 K. 

8.3 

3.2 

3.4 

.00 

9 

346 

3 Ca. 

10.2 

3.2 

1.6 

.00 

21 

239 

3 Mg. 

8.7 

5.1 

1.5 

traee 

19 

234 

KCaMg. 

10.8 

4.3 

2.8 

.00 

13 

244 

NH4 + inetal8 . 

11.0 

3.5 

2.5 

trare 

34 

475 

NH 4 - motals . 

10.7 

2.6 

1.5 

» 

67 

534 

Alkali. 

10.1 

3.4 

1.6 


34 

389 

Conc. 

9.7 

4.6 

2.1 

»> 

20 

438 

HaO. 

9.7 

3.6 

3.0 

» 

10 

340 

Averago 

lO.O 

3.6 

2.3 

trace 

24 

352 

Pea atraw: 







3 N. 

1 54.5 

5.6 

.8 

.00 

5 

18 

3 P. 

1 39.3 

7.2 

1.8 

.00 

136 

20 

3 S. 

> 32.1 

8.7 

2.2 

.00 

5 

13 

3 K. 

30.0 

4.2 

1.6 

.00 

8 

18 

3 Ca. 

36.5 

2.5 

.r> 

i .00 

20 

15 

3 Mg. 

29.4 

13.1 

.7 

.00 

18 

11 

KCaMg. 

36.0 

6.8 

1.5 

.00 ! 

15 

9 

NH 4 *f metals . 

36.3 

3.7 

.9 

.00 1 

13 

37 

NH 4 - metals . 

36.0 

4.3 1 

.7 

1 .00 

10 

24 

Alkali. 

35.9 

2.4 i 

1.5 

.00 

12 

7 

Conc. 

32.2 

8.4 1 

2.3 

.00 1 

14 

11 

H,0. 

37.4 

3.9 1 

.7 

.00 , 

4 

13 

Average 

36.4 1 

5.0 1 

1.3 

.00 1 

22 

16 



III. HCl-dialysates: 



Beech F,,. 

56.4 

.9 

.6 

.00 

7 

76 

Ash Fo. 

15.6 

1.3 

.5 

.01 

23 

36 

Peas H. 

1.1 

.5 

.1 

.00 

71 

2 

Peas S. 

•7 

.5 

.1 

.00 

64 

2 
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Per 100 grams dry matter 

Sample 

Ca 

Mg 

K 

Mn 

P.o. 

SiO, 


m. e. 

m. e. 

m. e. 

m. e. 

mg 

mg 

Oat hay: 







3 N . 

2.2 

.4 

.6 

trace 

3 

24 

3 P . 

2.0 

.7 

.6 


3 

35 

3 S. 

.8 

.6 

.5 

.00 

2 

23 

3 K . 

2.3 

.4 

.6 

.00 

5 

12 

3 Ca. 

2.5 

.3 

.6 

trace 

5 

17 

3 Mg . . .*. 

1.9 

.5 

.6 

.00 

5 

24 

KCaMg . 

.9 

.8 

.6 

.00 

3 

6 

NH4 4 metalw . 

1.7 

.8 

.6 

trace 

5 

24 

NH4 — motals . 

1.5 

.8 

.6 

.00 

12 

24 

Alkali . 

1.9 

1.0 

a 


3 

0 

Cono . 

2.1 

.3 

.6 

.00 

5 

12 

HgO . 

1.4 

.8 

.6 

trace 

f> 

0 

Average 

1.8 

.6 

.6 

trace 

4 

17 

Pea atratv: 







3 N . 

17.2 

.9 


.01 

8 

33 

3 P. 

18.1 

1.2 

.4 

.02 

13 

24 

3 S. 

16.7 

1.8 

.4 

.01 

8 

37 

3 K. 

11.4 

1.2 

•4 

.01 

11 

59 

3 Ca. 

16.1 

1.7 

.4 

.02 

24 

33 

3 Mg. 

13.4 

1.6 

•4 

.02 

9 

40 

KCaMg. 

16.4 

.8 

.4 

.01 

12 

18 

NH4 4 motals . 

15.0 

1.1 

.3 

.01 

9 

42 

NH4 — metals . 

16.9 

1.0 

.4 

.01 

8 

29 

Alkali. 

14.7 

1.6 

.3 , 

.01 

7 

28 

Conc. 

12.0 

! 1.3 

,4 

1 .00 

9 

46 

HjO . 

20.0 

i .6 

.4 

1 .01 

8 

4 

Average | 

15.7 

i 1.2 1 

•4 1 

.01 i 

10 ! 

1 33 



IV. Dialyzed residues; 



Heeoh Fq. 

7.9 

.4 

n. d. 

.01 

23 

1 622 

Ash Fo. 

1.1 

.4 

» 

.02 

45 

640 

Teas H.| 

.2 

»? 

» 

.01) 

117 

28 

Peas S .i 

.2 

.1 


.00 

135 

103 

Oat hay: 







3 N. 

1.3 ! 

.6 

n. d. 

trace 

26 

541 

3 P . 

1.9 

.5 

» 

» 

21 

773 

3 S . 

.6 

.5 


» j 

25 

384 

3 K . 

1.1 

.6 

» 


22 

538 

3 Ca . 

2.0 

.8 


» 

27 

571 

3 Mg . 

1.4 

1.1 


» 

25 

342 

KCaMg . 

.4 

.4 


» 

33 

876 

NH4 -|- metals . 

.9 

.5 

» 

» 

39 

1176 

NH4 — metals. 

.8 

.4 


.00 

53 

1243 

Alkali. 

.2 

.3 


.00 

34 

671 

Conc. 

.4 

.7 

» 

trace 

32 

912 

H *0 . 

.4 

.2 

» 

.00 

31 

956 

Average 

1.0 

.6 1 


trace 

31 

749 
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Per 

100 grams dry matter 



Sample 


Ca 


Mg 

K 

Mn 

P.O, 

SiO, 



m. e. 

m. e. 

m. e. 

m. 

e. 


mg 

mg 

Pea straw: 











3 N. 


.6 


.4 

n. d. 

.01 


9 

464 

3 P. 


. 

6 


.3 

» 

.01 


33 

459 

3 S. 


.3 


.6 

» 

.00 


11 

320 

3 K. 


.6 


.2 

.7 

.01 


16 

342 

3 Ca. 


.3 


.2 

n. d. 

.00 


18 

196 

3 Mg. 


. 

G 


.4 


.01 


17 

528 

KCaMg .... 


1.4 


.5 

.1 

.02 


16 

252 

NH 4 + metals. 

1.3 


.6 

n. d. 

.01 


20 

667 

NH 4 — metals. 

.2 


.6 

» 

.01 


17 

485 

Alkali. 

., 

1.7 


.7 


.02 


17 

1062 

Conc. 

,. 

.3 


.4 

» 

.00 


16 

147 

H,0. 


.5 


.4 

» 

.00 


10 

176 

Average 

.7 


- 

.01 

17 

416 

Sample 

Ca 

Mg 

Kl 

1 Sample 

Ca 

Mg 

K» 





V. 

Total 

m. e./lOO g; 





Beech Fo ... 

106.4 

24.8 

16.3 

1 Pea straw... 

1 114.0 

40.0 

60.6 

Aflh Fq. 

209.3 

39.6 

17.0 

1 Peas H. 

! 6.3 

7.2 

22.9 

Oat hay .... 


40.1 

27.5 

180.8 

1 Peas S 


4.4 

7.3 

29.0 




VI 

. Percentage distribution: 




HiO-dialyaatea: 










Beech F^ ... 


10.8 

66.5 

90.2 

1 Pea straw... 

63.7 

81.3 

97.2 

Aeh Fo. 


62.9 

80.1 

93.6 

Peas H 


26.4 

83.3 

97.3 

Oat hay .... 


68.1 

82.5 

98.4 

1 Peas S 


26.0 

83.6 

99.0 

NHfil-dialysatea: 










Beech Fq ... 


28.2 

38.3 

6.9 

1 Pea straw... 

31.9 

14.8 

2.1 

Ash Fo. 


29.1 

16.7 

3.5 

1 Peas H 


49.1 

7.0 

2.2 

Oat hay .... 


24.9 

13.1 

1.3 

1 Peas S 


62.3 

8.2 

.7 

HCl-dialyaatea: 










Beech Fo ... 


63.5 

3.0 

3.9 

1 Pea straw... 

13.8 

3.0 

.2 

Ash Fo. 


7.5 

3.8 

2.9 

i Peas H 


20.8 

7.0 

.5 

Oat hay .... 


4.5 

2.2 

.8 

Peas S 


16.9 

6.8 

.3 

Reaiduea: 












Beech Fq ... 


7.6 

1.6 

— 

Pea straw... 


.6 1 

1.0 

_ 

Ash Fq ..... 


.5 

1.0 

— 

Peas H 


3.8 

2.8 

_ 

Oat hay .... 


2.6 

2.2 

— 

Peas S 


6.8 

1.4 

— 


^ The K, in the residues not included, 
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We shall begin our discussion of the results by considering the 
two kinds of litter, which show some very interesting differences. 

In the water soluble fraction the ash leaves contain over eleven 
times as much Ca as the beech leaves but only a little more than 
double the amonnt of Mg and very little more K. The beech leaves 
contain ten times as much Mn as the ash leaves, about the same 
amount of P 2 O 5 but over three times the amount of SiOg. There 
is about two and a half times as much soluble organic matter in 
ash as in beech leaves, but this organic matter is associated with 
six times more »excess base» in the ash than in the beech leaves. 
Of total »excess base» there is however only twice as much in the 
ash as in the beech leaves. It is therefore akeady obvious that 
the bases must be differently distributed in the two kinds of litter. 

In table II we find that the exchangeable (acidoid-bound) Ca 
shows the same proportion as the total »excess base», being twice 
as large in ash as in beech leaves. The exchangeable Mg is however 
öO % greater in the beech than in the ash leaves. Since the soluble 
ions (in I) must be assumed to exist in a State of equilibrium with 
the exchangeable ions (in II) we can satisfactorily account for the 
observed relationships. The Ca ions, which have a greater dis- 
placing power than Mg, show a relative as well as absolute domin- 
ance over Mg in the exchangeable form, as compared to the soluble 
form of these ions. Despite the fact that there is more soluble Mg in 
ash than in beech leaves, there is more exchangeable Mg in beech 
than in ash leaves because in the beech leaves the soluble Ca is 
eleven times smaller than in the ash leaves and competes therefore 
less with the Mg ions in the exchange reaction. 

There is very little K in the exchangeable form in all of the 
samples despite the fact that the amount of water-soluble K is 
often very large. But K, as a monovalent cation, must have suffered 
an extensive displacement, as an effect of dilution, during the water 
extraction (Mattson 1942). The amount of K ions existing in the 
exchangeable condition in the original plant acidoids must have 
been considerable since K, in high concentrations, possesses a strong 
displacing power. 

The SiO^ is much higher in beech than in ash leaves, and the 
fact that the largest fraction of the silica in beech is released in 
the NH 4 Cl-dialy 8 ate indicates that it functions as an acidoid and 
binds some of the exchangeable divalent cations which, when dis- 
placed by NH 4 , render the silica soluble. The fact that silica binds 
Mg much more firmly than it binds Ca (as measured by displace¬ 
ment with NH4CI) (JoFFE et al. 1935) might be a contributing cause 
to the relatively high amount of exchangeable Mg in the beech 
leaves. 

In table III we find that no less than 56 m. e. Ca, or consider- 
ably more than half of the total Ca in the beech leaves, exists in 

11— 45441 KungL LarUhrukahögakolana Annaler Vol. 13 
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the insoluble and nonexchangeable but acid-soluble form. This 
accounts for the relatively low amount of Ca in the water- and 
NH 4 Cl-dialysates and for the relative increase in exchangeable Mg. 

This effect of oxalic acid as a Ca-precipitant must have farreach- 
ing consequences for the living plant. Some of these will be dis- 
cussed later. 

The ash leaves, which yield large amounts of excess base in the 
water-dialysate, and which must therefore be assumed to contain 
large amounts of organic acids, contain much less precipitated, 
HCl-soluble Ca. The organic acids in ash leaves are predominantly 
of the kind forming relatively soluble Ca salts, such as citric, malic 
and others of the plant acid family. 

The other ions in the HCl-dialysate are all present in small quanti- 
ties and will be considered coUectively later in connection with 
the other materials. 

The compounds which we have called metal-organic are quanti- 
tatively of minor importance. The residues (table IV) contain only 
small amounts of mineral matter with the exception of Si 02 of 
which the beech and ash leaves still contain about 10 millimols/ 
100 g. The appreciable amount of Ca in beech (7.9 m. e.) might 
in part be due to an incomplete solution of precipitated Ca by HCl. 

The peas contain relatively small amounts of bases. Of these 
Ca exists chiefly in the exchangeable condition whereas inost of 
the Mg together with K is water soluble. Ca is a little lower, K a 
little higher and, the most significant of all, PgOg is much higher 
in the soft- than in the hard-cooking peas. The relationship between 
these factors and the cooking qualities of peas will be discussed 
later. 

If we now turn our attention to the oat bay and the pea straw 
and make a general comparison, wc find that the straw contains, 
on the average, considerably more water soluble and exchangeable 
Ca and Mg, and very much more precipitated (oxalate) Ca than 
the oat hay, which is much richer in K, PgOg and SiOg. 

The average dialyzeable organic matter and its »excess base» 
are higher in the hay than in the mature straw as might be expected, 
but the average total amount of »excess base» is highest in the pea 
straw. The pea straw has a relatively very high acidoid content, 
higher even than the acidoid content of the young oat hay. (Exam- 
ples from unpublished data: pea straw 57, oat hay 43, oat straw 20, 
all in m.e./lOO grams electrodialyzed material.) This fact together 
with the high amount of oxalate-precipitated Ca in pea straw ac¬ 
counts for the relatively high »excess base» content of this material. 

The influence of the different fertilizers shows itself in many 
ways in the water-dialysates: 

The 3 K (nitrate) plants are very high in »excess base» and in 
divalent cations, but low in P 2 O 5 . 
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The 3 P plants are very high in P 2 O 5 , and the pea straw is also 
high in K, but both hay and straw are low in divalent cations. 
The »excess base» is low, as it always is, in the presence of much 
phosphate, especially when the ashes are titrated to phenolphtha- 
lein as done by us. A high SiOg content seems to go with a high 
PgOg-content, possibly as a result of a displacement of silicate ions 
by phosphate in the soil. 

The 3 S straw is very low in K and P, whereas Mg is relatively 
high. 

The 3 K hay and straw are high in K and P but low in Ca and 
Mg. 

The 3 Ca plants are very high in Ca, and the 3 Mg plants are 
very high in Mg. 

The NH 4 plants are all low in »excess base», but the up-take of 
the individual cations is very different in the two species of plants. 
Ca and Mg are both low in the oat hay whereas K is high. In the 
pea straw K is very low but Ca is high. The fact that Mn is high 
in all four of the NH 4 samples is probably due to the low pH of 
the soil in these cylinders. 

The »alkali» samples are both low in »excess base». The hay is 
low in Ca whereas the straw is low in Mg. 

The »concentrated» samples show in general high figures for all 
the elements. In the hay the K is exceptionally high. 

The HgO samples are not particularly low in anything with the 
exception of P 2 O 5 . The soil is apparently able to supply sufficient 
arnounts of the various cations without the addition of fertilizer. 

The effects of the different cations, when supplied in excess, is 
in general agreernent with the findings of plant physiologists (Hoag- 
LAND 1944, Lundegåbdh 1945). 

The most outstanding result, from the point of view of the acid- 
base condition in plants, is the difference between the effects of the 
nitrate and ammonia ni trogen. This has also been observed by 
other workers. Thus Clark (1936) found over twice as much organic 
acids in nitrate as in ammonium fertilized tomato plants. This 
would be equivalent to over twice as much »excess base» in the 
nitrate as compared to the ammonium plants. The high »excess 
base» content of nitrate plants must represent the base set free 
when the NO 3 ion is assimilated. By a compensatory mechanism 
the plant synthesizes the organic acids necessary to neutralize the 
base. The process thus appears to be analogous to the autoxidation 
of humus, to organic acids and acidoids, which follows upon the 
addition of a base (Mattson 1943). 

It is of in terest in this connection to mention that Mattson and 
Karlsson (1944) found a correlation between nitrogen and base 
content in native, brown earth and podzol vegetation. 

Tuming now to table 57, II we find the variations in composition 
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within the hay and Btraw series to be more regular and, where the 
variations are pronounced, more easy to trace. Thus both the 3 
Mg hay and the 3 Mg straw, which are high in water soluble Mg, 
show a high proportion of exchangeable (acidoid-bound) Mg, and 
a somewhat suppressed amount of Ca. 

There seems to be no such relationship between the »water so¬ 
luble» and the exchangeable Ca. Only in the case of 3 N straw, 
which is high (115 m. e.) in water soluble Ca, do we find a correspond- 
ingly high value for exchangeable Ca. In 3 Ca hay and 3 Ca straw 
the exchangeable Ca does not exceed the average amounts. But 
now it is very probable that what we have extracted as water so¬ 
luble Ca was only partly in solution in the original sap. Even plant 
acids other than oxalic, such as citric and inalic, form sparingly 
soluble calcium salts. The Ca concentration in the sap of the 3 Ca 
plants might therefore not have been higher than in the other plants. 
It will all depend upon the nature of the organic acids in the plants, 
i.e., upon the solubility of their Ca salts. The acids in the 3 N plants 
might be different from the acids in the 3 Ca plants. Clark (1936) 
foimd the acids in the nitrate and the ammonium tomato plants 
to be radically different. 

We should here like to quote Hoagland (1944) where he discusses 
his cylinder experiments with prune trees. He writes: »While the 
potassium deficient trees usually contained in their leaves a higher 
percentage of total calcium and magnesium than was found in the 
trees receiving an adequate supply of potassium, hardly any of the 
calcium was present in dissolved form (in the expressed sap) and 
only part of the magnesium.» 

If the cell sap is saturated with respect to an organic salt, no 
increment in the total amount of cations of that salt can increase 
their concentration in the sap as long as the plant produces an 
equivalent amount of the corresponding acid. If the concentration 
in the sap remains unaltered, the composition of the exchangeable 
cations will also remain unaltered, The importance of this for the 
constitution and functions of the protoplasm, its charge, its solva- 
tion, its permeability etc., is readily perceived when we recall the 
powerful effect exerted by changes in the proportions of mono¬ 
and divalent cations on the properties of negative colloids. Some 
of the special functions of the sparingly soluble salts will be dis- 
cussed later. 

Beturning to table II we note that there is, on the average, over 
three times as much exchangeable Ca in pea straw as in oat hay, 
but less than twice the amount of exchangeable Mg. The average 
ratio of exchangeable Ca/Mg is 2.77 in the hay and 6.17 in the 
straw. Here again it must be emphasized that the composition of 
the exchangeable cations must have undergone changes during the 
leaching with water, resulting in a loss of K and a gain in Ca and Mg. 
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The HCl-dialysate (table III) shows fairly large amounts of Ca 
in the pea straw. The quantities vary between 11.4 m. e. in the 
3 K sample and 20.0 m. e. in the KgO sample. In oat hay the quanti¬ 
ties of Ca are much smaller ( 0.8 to 2.6 m. e./lOOg). 

The question arises whether this difference in the content of 
precipitated, HCl-soluble Ca in oat hay and pea straw is wholly 
specific in character or if it is also the result of a difference in ma- 
turity. 

In our previous paper in this series we found indications (Part 
VIII, table 51 a), in the case of some of the leaves (beech, oak and 
pine), of an increase in the amount of precipitated base with the 
age of the leaves. The »excess base» in the water soluble fraction 
decreased, in these samples, with the maturity of the leaves, where- 
as the »excess base» in the insoluble residue increased much faster 
than the increase in the acidoid content. 

Another question of interest to the pedologist is the question of 
the resistance to decomposition of calcium oxalate in neutral and 
acid soils. To what extent does oxalie acid contribute to the podzo- 
lization process? 

In order to find an answer to these questions we subjected a num- 
ber of plant materials of different maturity, and neutral and acid 
beech-leaf humus to a thorough leaching witli 1 n. solution of NH 4 CI. 
When the filtrate was free from Ca ions we digested the residue 
over night with 0.6 n. HCl and then leached with 0.06 n. HCl until 
the filtrate was again free from Ca ions. The Ca in the HCl ex- 
tracts was then determined. The results are shown in table 68 . 

Among these materials tliere are five samples of spruce needles, 
all from the same tree and representing the last five seasons of 
growth. The needles were collected in August 1941 from a 40 year 
old spruce in Båstad. The soil is a fertile rendzina. 

The oat hay and straw samples are from our cylinder experiments 
1943. The leaves from the Ultuna park are from the same trees as 
the 1941 samples described in Part VIII of this series. The Vj 
samples were collected in the early summer of 1943 as soon as the 
leaves were fully developed. The Pq samples are from the autumn 
of the same year. The Axelstorp podzol P 3 sample is the same beech 
mold described in Part VIII. The Hallandsås Fq sample of beech 
leaves and the same material after one year of aerobic and an- 
aerobic decomposition are the same as the materials described in 
Part I of this series. 

Table 58 shows 1 . that the oxalate precipitated Ca increases 
greatly with the age of the leaves, 2 . that the beech leaves from 
the acid soil contain less Ca-oxalate than the leaves from the neutral 
soil, 3 . that the oxalate is decomposed both aerobioally and an- 
aerobically, 4. that there is very little oxalate Ca left in the beech- 
leaf mold, 6 . that the spruce needles precipitate increasing amounts 
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Table 58. The content of Ca, insoluble in water and in NH^Gl solution 
hut soluble in MCI solution {precipitated, oxalate calcium) in young 
and old plant materials. 


Sample 

Ca 

m. e./lOO g 

Beech leaves (Ultuna park, neutral soil). 

25.9 

» » Fq ( » » » » ). 

66.41 

Ash » Vj ( » » » » ) . 

5.4 

» » Fo ( » » » » ). 

15.6^ 

Pine needles ( » » » » ) . 

1.6 

» » Fq ( » » » » ) . 

8.9 

Beech leaves F^ (Hallandsås, acid soil). 

30.0 

» » » after 1 year aerobic decomposition. 

5.5 

» » »» 1 » anaerobic » . 

8.0 

Axelstorp beech-leaf mold (podzol F^ humus). 

1.1 

Spruce needles, 3 months old (neutral soil) . 

11.8 

» » » 1 year ( » » ) . 

24.6 

» * .2 • ( * » ). 

41.6 

» » ,3 * ( » o). 

56.4 

» » »4 » ( » » ) . 

76.0 

Oat hay, cut July 2 (cylinder experiments). 

.71 

» straw, » Aug, 14 ( » » ). 

.71 


of Ca from year to year, and 6. that oat contains very little Ca-oxa- 
late in both young and old plants. 

The decomposition of the beech-leaf oxalate is greater than in- 
dicated in the table because a considerable amount of the leaves 
had also been decomposed, and the per cent is here expressed on 
the basis of the dry weight of the residues. 

The fact that the beech leaves from the neutral soil contain more 
oxalate than the leaves from the acid soil might indicate that the 
production of oxalic acid takes place in response to a high Ca ion 
content. 

In view of the great solvent action of oxalic acid on the sesqui- 
oxides one wonders to what extent, if any, this acid participates 
in the process of podzolization before it suffers decomposition. 
Beech and spruce are known to be active podzolizers. 

We give here in table 59 the results of a study of the acid-base 
condition of the spruce needles. The acid-base condition of the other 
materials in table 58 has already been reported (Mattson & An¬ 
dersson 1943, 1944). The method is here the same. 

We note that the »excess base» increases from 33.0 m. e./lOO g 
in the youngest to 112.9 m. e./lOO g in the oldest needles. The ash 
content, the pHo, the acids and acidoids and the base status (per 
cent base saturation) all increase in the same direction, while the 
acidity, the pHu (pH of the electrodialyzed material) and the nitro- 


1 From table 67, III. 
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gen content increase in the opposite direction to that of »excess 
base». Most of the four years of increase in »excess base» is acconnted 
for by the simultaneous increase in precipitated Ca (table 58). 

This withdrawal of Ca from the cell sap solution must be of great 
importance for the physiological functions of the plant colloids. 
The precipitation of Ca wiU cause a shift in the eqnilibrium between 
the dissolved cations and the exchangeable, acidoid-bound cations. 
The removal of Ca from active participation in this equilibrium 


Table Ö9. The acid-hase condition in apruce needlea from the aame 
tree but of different maturity. 


Age of 
needles 

1 

Ash 

o/ 

/o 

PH« 

M. o./lOO g 

Base 
status 
Bx 100 

pHu 

N 

% 

»Ex¬ 

cess 

base» 

B 

Acid- 

ity 

H 

Acidoids 
(at pH 
7.0) 

A 

Acids 
B+H 
-A = 

a 

B+H 

3 months 

3.11 

3.51 

33.0 

67.6 

28.0 

72.6 

32.8 

3.31 

1.73 

1 year... 

4.02 

3.60 

55.4 

68.2 

34.5 

89.1 

44.8 

3.20 

1.67 

2 years .. 

4.65 

3.72 

66.8 

57.2 

32.5 

91.5 

53.9 

3.18 

1.43 

3 years .. 

5.76 

3.03 

86.2 

48.8 

35.0 

100.0 

63.9 

3.05 

1.32 

4 years .. 

7.29 i 

4.00 

112.9 i 

43.3 

39.5 

116.7 

72.3 

2.87 

1.26 


leads to a higher proportion of Mg and monovalent cations in the 
exchange cornplex and this will tend to increase the eletrokinetic 
potential, the solvation, the viscosity and the swelling of the col¬ 
loids. The removal of a salt from solution by precipitation will 
maintain a higher Donnan potential between the micellar solution 
and the free sap solution. The Ca ions powerfully suppress the 
activity of electronegative colloids. A removal of an »excess» of 
Ca by precipitation as oxalate might therefore be looked upon as 
a regulatory mechanism for the normal functions of protoplasm in 
many plants. 

The production of oxalic acid and the precipitation of oxalates 
might also serve another purpose. Most of the rare earth metals 
are toxic to plants in very low concentrations (Robinson and Ed¬ 
gin gton, 1945). These metals all form slightly soluble oxalates. 
In plants which produce oxalic acid the ions of these metals can 
never reach a concentration higher than that which corresponds to 
the solubility product of their oxalates. 

There are other Ca-precipitanta in plants which are of importance 
as regulators (buffers) of the Ca ion concentration in the sap and of 
the proportion of the exchangeable Ca in combination with the 
plant acidoids. A precipitation which has its threshold just below 
the pH prevailing in the sap must be assumed to fulfill a very 
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important function, because a small change in pH might cause a 
large change in the balance between the active ions, mono- and 
divalent. 

We shall now give an example of how such precipitants influence 
the character of plant coUoids, and how the behavior of the latter 
depends upon the form of the plant bases. 

We have seen that the soft-cooking peas contained less Ca but 
more K and P than the hard-cooking peas. Extracting with 2 % 
HCl and analyzing for inorganic P, total P, organic P (by difference) 
and phytin P (according to Harris and Mosher 1934), we found 
the following composition of the two samples of peas in mg P 2 O 5 
per 100 g dry matter: 

Total Inorganic Organic Phytin 


Peas H. 380 100 280 163 

Peas S. 964 160 804 697 


We note 1. that most of the P is organic, 2. that most of the latter 
is in the form of phytin (inositol hexaphosphoric acid) and 3 . that 
the soft-cooking peas contain nearly four times as mueh phytin 
as the hard-cooking peas. 

By cooking experiments we have foxmd: 

1 . that the hard-cooking peas can be made soft-cooking by the 
addition of ammonium oxalate, Na^COs or NaOH to the water; 

2 . that the soft-cooking peas become hard-cooking if CaCl* is 
added to the water; 

3. that if soaked in water (in the presence of toluol) for as long 
as one week all peas become entirely uncookable; 

4. that if the peas are boiled for 10 minutes (after swelling in 
water for 4 hours) the soaking will have no effect, but leave the 
peas as cookable as in their original condition; 

6 . that Ca- and Mg-saturated peas are uncookable but that Ifa- 
saturated iieas are extremely soft-cooking; 

6 . that Ga-saturated peas (and all other peas) become extremely 
soft-cooking if allowed to swell in a solution of Na-phytinate. 

This, briefly stated, points to a colloid-chemical and bio-chemical 
mechanism. The valence of the exchangeable cations in combina- 
tion with the iiea acidoids govem the cooking qualities of the peas. 
But the proportion of the exchangeable mono- and divalent cations 
is govemed by their relative concentration in the solution, and 
this is, for a given content if ions, in tum govemed by the quantity 
of calcium precipitant present in the peas. The Ca-precipitant is 
apparently destroyed by an enzyme which in tum is destroyed 
by heat. 

The Ca-precipitant in the peas is phytin and the enzyme is phy- 
tase. 

When peas are soaJked several days in water the phytin is hydro- 
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lyzed by phytase, yielding inorganic phosphates and inositol (the 
hydrolysis is much more rapid if the seed is ground to flour). The 
phosphoric acid is also a Ca (and Mg)-precipitant but requires higher 
pH than phytin. The hydrolysis of the phytin means, therefore, 
a higher Ca and Mg ion concentration in the solution, and this in 
turn means a high proportion of exchangeable Ca and Mg in com- 
bination with the pea acidoids. Such peas have always been found 
to be uncookable. 

A sample of soft-cooking peas contained 66 mg inorganic P *05 
and 680 mg organic PjOj of which 326 mg were in the form of phytin, 
all per 100 g peas. After soaking the peas in water for 8 days at 
40® C the analysis showed 446 mg inorganic P 2 O 5 and 212 mg or¬ 
ganic P 2 O 5 , of which only 47 mg were phytin. The peas were now 
uncookable. The addition of sufficient l^a-phytinate to such peas 
(and all other peas examined) makes them very soft-cooking. 

Eig. 67 shows the per cent cooked of the hard-cooking and the 
soft-cooking peas (in table 67) as a function of the pH. 60 g of 
peas were soaked for 18 hours in 200 cc of water to which HCl or 
NaOH were added to adjust the pH. The soft-cooking peas were 
boiled for 1 hour and the hard-cooking were boiled for 1 hour. 
The per cent of cooked peas was determined by the method of 
Toessell (1942). The pH was determined in the juice of the cooked 
peas. 

The experiment yields two characteristic U-curves whose minima 
lie between pH 4 and 6 . The curve of the hard-cooking (H) peas 
occupies, however, a decidedly higher position on the pH scale 
than that of the soft-cooking (S) peas. The former are therefore, at 
their original pH ( 6 . 20 ) much nearer the point of minimum cook- 
ability than the latter at their original pH ( 6 . 10 ). 

Since the curves are very steep in the region of the original pH 
of the peas, a small change in reaction will greatly affect the cook- 
abiUty. Hard-cooking peas can be made soft-cooking by raising 
the pH while soft-cooking peas become hard-cooking if the pH is 
lowered. The difference between the H-peas and the S-peas, from 
the point of view of cookability, is only a matter of a few tenths 
of a pH unit. 

The form of the curves suggest that the cookability is related 
to the properties of the amphoteric proteins (the legumin) of the 
peas. The isoelectric point of the alkali-extracted, impure legumin 
was found to be about 4.4, which corresponds to the minima in 
cookability. Since the legumin is coagulated at, and for some 
distance on either side of the isoelectric point we might, Uke Eitt- 
HAUSEN (1872), conclude that the cookability of the peas is intim- 
ately related to the solubility of the legumin. 

But there are several facts which do not fit in with this simple 
explanation: 1. In the presence of Na-oxalate the peas are easily 



170 


Sante Mattaon and Elisaveta Koutler-Andersson 



cookable at all pH. 2. Na-oxalate does not prevent the coagula- 
tion of the legumin at the isoelectric point. 3. H-saturated peas 
(acetic acid extracted) and Na-saturated peas (NaCl-treated) cook 
easily at all pH. 4. It is only the untreated peas or peas saturated 
with Ca or Mg ions which yield the characteristic minima, in cook- 
ability shown in fig. 67. 

The isoelectric coagulation of the legumin has apparently nothing 
to do with the minimum in cookability, despite the coincidence of 
the two phenomena. The minimum in cookability is obviously con- 
ditioned by a high degree of saturation of the pea acidoids with 
divalent cations. The acidoids involved are not the weak protein 
acidoids inside the cells but the stronger pectic, possibly also other 
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polynronic acidoids of the middle lamella which, saturated with 
divalent cations, form the cementing material between the ceUs. 

Since the pectins, and the polynronides in general, are not am- 
photeric it remains to explain the minimum in cookability (the 
false isoelectric point) between pH 4 and 5, and the ease with which 
the peas are cooked at lower as well as at higher pH. 

If the cooking of peas depends only on the solvation of the pectin 
which, in the Ca and Mg saturated condition, binds the cells to- 
gether, a study of the behavior of a material rich in pectin and 
poor in protein ought to yield useful information. For this purpose 
grape fruit albedo (the white portion of the rind) was saturated 
with Ca and with Na ions by repeated treatments with the respect- 
ive chlorides. The Ca-saturated product was leathery and did not 
swell, whereas the Na-saturated swelled enormously even before 
the salt was removed by leaching. Portions of 0.1 gram of the 
dried samples were heated in 20 cc solulion for 30 minutes at 70° C 
at various pH (adjusted by HCl or NaOH) with and without Na- 
phytinate. The relative viscosity of the filtered Solutions was then 
measured at 20 ° C by the Ostwald viscosimeter. The results are 
shown graphically in fig. 58. 

The Ca-saturated albedo yields a viscous solution of pectin below 
pH 3.5. At higher pH it is insoluble if no Ca-precipitant is added. 
The addition of Na-phytinate equivalent to 0.4 milhmols PO 4 per 
0.1 gram albedo yields a XJ-curve showing a minimum viscosity 
about a pH of 5. This minimum in the solubility of the citrus pec¬ 
tin in the presence of Na-phytinate corresponds therefore closely 
to the minimum in cookability of the peas. 

The Na-saturated albedo had apparently lost pectin during its 
preparation for it yielded Solutions of relatively low viscosities, 
with rji/r]Q values from 1.50 to 1.58 between pH 1.72 and 5.72. But 
there was no minimum as in the case of the Ca-albedo. 

The experiment allows us to draw the following conclusion: 

At low pH the Ca-pectinate is dissolved by the HCl and converted 
into soluble H-peetmate. At high pH m the presence of Na-phyti- 
nate, Ca-phytinate is precipitated and the pectin is converted into 
soluble Na-pectinate, 

These reactions are graphically shown in fig. 59. 

The curves on the left side show the percent of the total Ca which 
was dissolved when 2.5 gram portions of Ca-saturated grape fruit 
albedo and 5 gram portions of Ca-saturated peas were extracted 
with 200 cc HCl Solutions containing increasing amounts of acid, 
The total amount of exchangeable Ca was 48.50 m. e./lOO g in the 
albedo, and 15.69 m.e./lOO g in the peas. (Note that the two ma¬ 
terials become desaturated with Ca within the same range of pH, 
indicating that their acidoids are of the same strength. Legumin 
gives off its Ca at much higher pH.) 
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Fig. 68. Showing the relative viscosity of Solutions obtained by heatlng Ca- 
saturated grape fruit albedo (white portion of rind) for 30 minutes at 70® C. The 
pH was adjusted by the addition of HCl or NaOH. The Ca-albedo was heated 
with and without Na-phjrtinate. 


The curves on the right side in fig. 59 show the percent of Oa 
precipitated when NaOH was added to an acidified solution con- 
taining 4 m.e. CaClg together with Na-phytinate equivalent to 2 
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millimols PO 4 in 200 cc. Since Ca-phytinate is more insoluble, and 
is precipitated at lower pH in a hot than in a cold solution the 
experiment was carried ont both at 100 ° and at 20 ° C. 

We note that the intersection of the two pair of curves occur 
between pH 4.75 and 6 , or at pH values which closely correspond 
to the minimum in viscosity of the filtrate from the Ca>saturated 
albedo in the presence of phytinate (fig. 58) and to the minimum 
in cookability of the peas (fig. 57). This minimum corresponds to 
a maximum in the Ca-pectinate content. 

According to Myees and Baker (1934) unhydrolyzed pectin is 
monoarabino - monogalacto-diaeetyl-heptamethoxyl-octagalacturonic 
acid. In Ca-pectinate the galacturonic chains are linked together 
by the divalent Ca ions which, according to Bonnee (1936), are 
shared by carboxyl groups belonging to different rnolecular chains. 

This cross linkage is pictured by Baker and Goodwin (1941) by 
the structure: 



Pectin, which is a highly hydrophilic colloid, is very soluble 
when saturated with monovalent cations. 

Fig. 59 thus explains the role of both pectin and phytin, and 
accounts for the behavior of peas with respect to their cooking 
qualities. The pectin exists in equilibrium with all the free cations 
in the solution. If the phytin content is low, more of the Ca will 
combine with the pectin and the peas will be hard-cooking. A high 
phytin content will precipitate a greater amount of the divalent 
cations. Ca and Mg, and leave the pectin in combination with an 
equivalent quantity of monovalent cations. This makes the peas 
soft-cooking. 

Fig, 58 shows that the Ca-saturated citrus pectin begins to dis- 
solve at pH 3 . 6 , According to fig. 59 the pectin has lost 42 % of 
its Oa at this pH and is thus saturated with H ions to the extent of 
42 % when it begins to dissolve. 

The addition of Na-phytinate (fig. 58) increases the solubility of 
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Fig. 59. Showing the solution of Ca from Ca>saturated albedo (fig. 58) and 
peas (curves on left), and tho procipitation of Ca as phytinate (at 20^^ and 100° C) 
in a sj^^stem containing 4 m. e. CaCl^ and an equivalent amount of Na-phytinate 
in 200 cc (curvos on right). pH adjusted with HCl or NaOH. 



^ B 

Fig. 60. A. Showing the appearance of cells of iincooked peas or of boiled 
but uncookable Ca-saturated peas. Middle lamella and cell walls stained deep 
blue with methylene blue. 

Fig. 60 B. Cells of Na-saturated, cooked peas. The middle lamella has dissol ved 
away but the cell walls are unruptured and the cells are still filled with aleurum 
grains and starch. Cells do not stain. 
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the pectin not only at high pH, where it acts as a Ca-precipitant, 
but extends its solvent action over on the acid side of the minimum. 
This must be due to a partial displacement of Ca by the Na ions. 
Even NaCl will produce this effect. This displacement of divalent 
by monovalent cations is still more evident in the Mg-saturated 
samples. Mg is less active than Ca and its effects are more easily 
suppressed. Thus although Mg-phytinate requires somewhat higher 
pH than Ca-phytinate for its precipitation, Mg-saturated peas are 
more affected and yield more narrow minima in cookability upon 
the addition of Na-phytinate. 

The colloid Chemical mechanism of the cooking of peas, which is 
graphically illustrated in fig. 59, may be studied in the microscope. 

When thin sUces of uncooked peas are examined in the miero- 
seope the cell walls and lamella show the somewhat hexagonal 
structure represented in fig. 60 A. The cells are filled with starch 
and aleurum grains. If the cells are treated with methylene blue 
(a basic dye which combines by exchange with the acidoids, Matt¬ 
son 1942) the cell walls and the lamella are stained deep blue. The 
contents of the cells are only faintly stained. If the peas are Ca- 
saturated, and therefore uncookable, they show the same structure 
and the same staining even after prolonged boiling. If the peas are 
Na-saturated, a few minutes of heating will cause the lamella to 
swell and dissolve and the cells to fall apart. The unruptured cells, 
which are now oval-shaped and thin-walled, are still filled with 
aleurum grains (fig. 60 B). The legumin still forms a part of the 
cell content. But the pectin of the middle lamella has been dis- 
solved away. Even the pectin of the cell wall must have dissolved 
because the rnembranes do not now stain any deeper than the con¬ 
tents of the cell. 


Coneluding remarks. 

These experiments illustrate in a striking way the importanco 
of the form in which the bases oceur in plants. The peas do not 
contain much Ca or Mg, yet a small shift in the equilibrium 

M--pectate + M2'-phytinate4=iM2’-pectate -f M^-phytinate 

makes all the difference between hard-eooking and soft-eooking peas. 
An inerease in the proportion of monovalent cations in combina- 
tion with the hydrophilic colloid inereases the charge and the 
solvation of the latter. An inerease in the proportion of the divalent 
cations has the opposite effect, making the colloid less active and 
its structure more stable. The State of the colloid thus depends 
on the nature, the activity and the proportion of the cations. 
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By the synthesis of certain cation precipitants, poBsibly by a 
mechanism of metabolic response, the protoplasm possesses, within 
certain limits, the power to regulate the proportion of the cations. 
The production of oxalic acid permanently removes Ca. But the 
production of a precipitant like phytin, whose precipitation thre- 
shold lies just below the pH of the sap, supplies the cell with a very 
sensitive buffer system for the ions precipitated as well as for the 
hydrogen ions. Ån increase in pH will cause the removal of dival- 
ent cations from active participation in the exehange equilibrium, 
while a lowering of the pH will cause the release of such ions. This 
must have a profound effect on the electronegative protoplasmic 
colloids. A high pH and a high proportion of monovalent cations 
may be assumed to solvatize the protoplasm and increase its meta¬ 
bolic activity, including the production of organic acids. A low pH 
and a high proportion of divalent cations may be expected to have 
the opposite effect and slow down the production of acids. 

Whether or not there is anything in this speculation as to the 
regulation of the hydrogen ion activity, the constancy of which 
postulates some such mechanism, it seems obvious that the pro¬ 
duction of active »cation-precipitant-buffers», such as phytin and 
others, must be of great importance for the stability of the intric- 
ate structures and for the complex functions of the protoplasmic 
colloids, all of which largely depend on ionic exehange. 

Summary. 

Litter of beech and ash leaves, oat hay and pea straw (from 
cylinder experiments with different fertilizers) and samples of 
hard-eooking and soft-eooking yellow peas were completely dialyzed 
through cellophane membranes, first in water, then in NH 4 CI solu- 
tion, and finally in HCl solution. 

The dialysates and residues were analyzed for Ca, Mg, Mn, K, 
PgOj and SiOg. 

The results show that a large proportion of the divalent cations, 
mostly Ca, exists in combination with the plant acidoids and is 
removable only by exehange. 

The beech leaves, the ash leaves and the pea straw contained 
large to moderate amounts of oxalate-precipitated (acid-soluble) 
Ca. The oxalate inereases with the maturity of the material as 
shown, among other things, by five seasons growth of spruce needles. 

As in the case of electronegative colloids in general, the State and 
behavior of plant colloids depend on the nature and proportions of 
the active cations. Thus Ca-saturated peas are uncookable while 
Na-saturated peas are extremely soft-eooking. 

There is present in plants certain Ca-precipitants whose precipita¬ 
tion threshold lies just below the pH of the sap. Such precipitants 
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act as buffers for the ions precipitated and regulate their actmty 
in the sap and in the colloids. Inositol hexaphosphoric acid (phytin) 
is such a precipitant. 

All hard-cooking peas become soft-cooking if allowed to swell in 
a solution of Na-phytinate. Soft-cooking peas possess a high phytin 
content. 

The acidoid, which in the Ca-saturated condition makes the peas 
uncookable, is the pectin (a polyuronic acidoid) of the middle la¬ 
mella. In the Na-saturated condition this pectin swells and dis- 
solves in hot water, causing the unruptured cells to fall apart. 
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The Value of Metabolizable Energy in Mainten- 
ance at a Variable Percentage of Crude Fiber in 
the Dry Matter of Rations. 

By STURE ERIKSSON. 

From the Inatitute of Aninxal Nutrition and Huahandry, 


Introduction. 

The law of isodynamie replacement, as formulated by Rtjbnee 
(1883), States that the varioiis nutrients can replace each other in 
amounts inversely proportional to their physiological fuel values. 
The experiments, bein^ the basis of this law, were principally carried 
out at ener^ry-equilibrium. In the difference experiments with cattle 
Kbllner and Fingeeling as well as Mgllgaaed were of the opinion 
that the value of metabolizable ener/?y in maintenance is independ- 
ent of the content of crude fiber in the dry matter of the rations. 
But the evaluation of foodstuffs, according to Kellner^s starch value, 
postulates that the utilization of metabolizable energy will show an 
accelerated decrease with an inereased content of crude fiber in the 
dry matter. 

Since Axelsson (1939) showed that Kellner’s starch value, and 
thus even the Scandinavian feed unit, had no scientific basis, there 
has been much discussion in Scandinavia about the utilization of 
metabolizable energy at a variable percentage of crude fiber in the 
dry matter of the rations. Breirem (1944) has recently tried to 
show, that the value of metabolizable energy decreases rectilinearly 
with an inereased content of crude fiber. However, this cannot be 
considered to be the case, as Axelsson (1945 a) has shown. From 
experiments with cattle Ritzman and Benedict (1938) draw the 
conclusion that the maintenance-value of metabolizable energy is 
independent of the content of crude fiber in the dry matter of the 
rations, 

That the decrease of the value of metabolizable energy with an 
inereased content of crude fiber would also be applicable to other 
animals than ruminants has been maintained by Breirem (1935) 
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concerning pigs, and by Edin et al. (1942 a and b) concerning foxes 
and rabbits. 

In order to elucidate this problem as completely as possible, the 
author started experiments with 18 adult rabbits in three groups at 
the Institute of Animal Nutrition in the autumn of 1943. The results 
of these experiments have earlier been briefly stated by Axelsson 
(1945 b). In the autumn of 1945 metabolic experiments were started 
with rabbits of the same breed. Hitherto, 21 metabolic experiments 
with 7 animals have been carried out by using three different per- 
centages of (jrude fiber of the dry matter in the maintenance-rations. 


Animals Used and Techniques Employed. 

The experiments have been made on adult females of the liittle 
Chinchilla. Their age ranged from 9 months to 4 years. 

The cages used in the group experiment were made of wire-netting 
and had a bottom-area of 80 x 80 cm and a height of 47 cm. The 
cages were placed on a 73 cm high stand with a plate-funnel. Under 
the funnel an iron-plate was placed with a glass-jar covered by a 
net, so that the urine came into the jar and the faeces on the iron- 
plate. The food-trough and the water-cup were placed in a box at 
one side of the cage in order to prevent a loss of fced. In each of 
the three cages one group of six rabbits was placed. 

In the metabolic experiments smaller cages with a bottom-area 
of 60 X 60 cm and a height of 45 cm were used during the time when 
the animals were not in the respiration-chamber. Only one rabbit 
was kept in each cage. Two cups were used, one for feed and one for 
water. 

The respiration-apparatus used in the experiments was construeted 
according to naldane’8 principle. Through the respiration-chamber 
a stream of about 5.5 litres of dry, carbon dioxide-free air was 
drawn per minute. The moisture absorbed by the air-stream in 
the respiration-chamber was coUected by sulphuric acid absorption 
tubes, together with the chamber, placed on a balance. The carbon 
dioxide given off by the rabbit was coUected by soda lime absorp¬ 
tion tubes on another balance. The quantity of carbon dioxide was 
thus weighted directly. The consumption of oxygen was then esti- 
mated by the change in the weight of the first balance. 

The amount of moisture in the respiration-chamber air ranged 
between 50 % and 70 %. The temperature in the chamber as well 
as in the room, where the cages were placed, vaiied between 17° 
and 22° C. 

In each metabolic experiment the preUminary feeding period of 
the experimental ration had a length of 8-10 days and the experi¬ 
mental period, during which excreta were coUected, a length of 10 
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days. In the middle of the experimental period the animal was put 
in the respiration-chamber for four days. On the first day, the rabbit 
had to get accustomed to the new environment. During the other 
three days the oxygen consumption and the carbon dioxide produc- 
tion were determined. The difference between the amounts of carbon 
dioxide during the different days of the same experiment did not 
exceed 2.8 %. The same percentage for the oxygen was 3.4. 

All feed was ground except a part of the hay in the group experi¬ 
ment, which was chopped, and in feeding moistened to prevent 
dusting. The animals were fed twice a day, and before the first 
feed in the morning they were weighed except for the days when 
they were in the respiration-chamber. In the group experiment 
the animals were weighed three times a week. 

The Chemical analyses of feed and faeces were made by standard 
procedures. The energy content was determined according to the 
instructions given by Glikin (1916). 

When the urine was collected, the funnel was washed with hydro- 
chloric acid and destilled water, and the nitrogen in the urine and 
the washing-water was determined in the usual manner. The wash- 
ing-water was then computed as urine by the nitrogen content. 
To the urine no acid was added in order to prevent loss of carbon. 
In the metabolic experiments the urine was kept in a refrigerator 
during the experimental period, but in a stable during the group 
experiment. 

According to the variable feeding of hay in the different groups 
and periods, the urine varied in the amount of carbon dioxide in 
the form of carbonate. This amount was determined and added 
to the respiration carbon dioxide. 

The energy in the urine was determined by drying it for 36 hours 
at 100° 0 in a pot, through which a stream of carbon dioxide-free 
air was drawn. This air-stream was then drawn through a tube 
furnace in which the combustible gases given off by the urine were 
burned to carbon dioxide and water, which were collected by soda 
lime and sulphuric acid absorption tubes. The determination of 
energy was then made in the usual manner, and corrections were 
made for the losses with respect to the carbon dioxide from the 
carbonate. The amount of energy was considered to be the same 
per gram of carbon in the direct determination as well as in the 
loss. The energy content per gram of nitrogen varied with the 
feed, as has been shown by Bitzman and Bbnedict (1938) as well 
as in my own experiments. Por each gram of carbon it was rather 
constant. 

The methane production was determined by drawing a tenth of 
the air-stream from the apparatus through a tube furnace, where 
the methane was burned to carbon dioxide and water, which was 
then collected in soda lime and sulphuric acid absorption tubes. 
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The Group Experiment. 

This experiment began on Sept. 28th, 1943, with three groups of 
animals baving nearly the same weight. Group I received a feed 
with 3.8 % of crude fiber in the dry matter, and the other two 
groups got 19.8 % of crude fiber in the dry matter. The hay was 
ground in group II and chopped in group III. According to Kell- 
NER and his followers, the content of net energy for maintenance 
in the metabolizable energy decreases with an increased content of 
crude fiber owing to the mastication of the coarse fodder. Grind- 
ing to flour would therefore increase the effect of the metabolizable 
energy in coarse fodders if this theory were true. 

After the experiment had lasted to May 5th, 1944, a change was 
made, inasmuch as group II received a fodder being midway between 
that of group I and group III to see if an optimum of the amount 
of crude fiber might be at hand. 

The percentages of the different feeds used in the rations of the 
two periods are recorded in Table 1. 


Table. 1. Percentages of Different Feeds in the Rations, 


Feeds 


Period 1 



Period 2 


Group I 

Group 11 

Group III 

Group 1 

Group II 

Group III 

Hay. 


64.0 

64,0 


39.0 

64.0 

Oats and barley.. 


31.5 

31.5 


21.6 ! 

35.5 1 

Wheat-flour. 

93.5 



93.5 

36.5 


Soy bean oil-meal . 


4.0 

4.0 




Vitamin feed. 

5.0 



; 5.0 

2.0 


Calcium-carbonate 

1.0 



1.0 

0.4 


Common salt .... 

0.5 

0.5 

0.5 

1 0.5 

0.5 

0.5 


The vitamin feed consisted to 70 % of artificially dried grass, to 
20 % of Deltafor Dg, and to 10 % of dried yeast. 

During the second period, which lasted to Febr. 9th, 1945, the 
percentage of the different feeds was the same as earlier, without 
the soy bean oil-meal, which was changed for oats and barley. The 
original feed did not, however, last through the whole experiment, 
and as the new hay had a higher percentage of crude fiber in the dry 
matter than that first used, the crude fiber content in the rations 
was also raised. The average composition of the dry matter of the 
rations and the dry matter fed per animal and day during the two 
periods are given in Table 2. 

The average dry matter fed each animal per day during the whole 
experimental time amounted in group I to 77.9 g, and in group III 
to 116.2 g. 
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Table 2. Dry Matter per Änimäl and Dapj and Composition of 
Feed on Dry Basis, 




Dry matter 

Crude 

Ether 

N-free 

Crude 

Ash, 

% 



per animal 

protein, 

extract. 

extract, 

fiber. 



per day, g 

o/ 

/o 

% 

0/ 

/o 

% 

Period 1: group 

I 

83.3 

14.2 

2.1 

74.9 

3.8 

6.0 

» 

II 

116.1 

11.8 

3.0 

58.9 

19.8 

6.5 


III 

117.4 

11.8 

3.0 

58.9 

19.8 

6.5 

Period 2: » 

I 

73.7 

12.0 

2.2 

76.3 

4.5 

4.1 

» 

II 

94.2 

12.3 

2.9 

6.3.5 

15.5 

6.8 

» 

III 

115.8 

11.9 j 

3.3 

56.0 

22.8 

7.0 


In the first period three, and in the second six digestibility experi¬ 
ments, each of ten days, were carried out, wben also the urine was 
eolleeted. In each experiment the metabolizable energy was com- 
puted by subtracting the gross energy with the energy in the faeces 
and urine. The methane production of rabbits is very small, as is 
shown Uter on, and therefore the energy in methane could be neg- 
lected. As the arnount of metabolizable energy should be the same 
in the three rations, the dry matter of the feed per animal and day 
was corrected after eacb digestibility experiment, if rcquired. 

The first period had a length of 221 days, and the second period 
280 days, The whole experiment lasted thus for 501 days. 

During the latter part of the experiment two rabbits died in group 
I, and one in each of the two other groups. These animals were 
replaced by other rabbits with the same body-weight. The rabbits 
in group II seemed to be niore active than those in the other. Group 
I seemed to be the quietest. How rnuch this may have influenced 
the results is difficult to say. In other respects, there were no no- 
ticeable differences between the three groups. 

Composition of faeces, The average composition of faeces during 
the two periods in the different groups is given in Table 3. 


Table 3. Composition of Faeces on Dry Basis, 



Crude 

Ether 

N-free 

Crude 

Ash, 

% 



protein, 

o/ 

/o 

extract, 

% 

extract, 

% 

fiber, 

o/ 

/o 

Kcal/g 

Period 1: group 1 

26.0 

2.2 

43.7 

20.3 

8.8 

4.76 

» 11 

9.9 

2.2 

37.8 

43.4 

6.7 

4.62 

* III 

10.1 

2.5 

37.3 

43.7 

6.4 

4.67 

Period 2: » I 

25.9 

2.0 

42.3 

20.8 

9.0 

4.63 

» II 

10,8 

2.2 

40.8 

39.7 

7.0 

4.60 

» III 

8.5 

2.8 

39.2 

43.5 

6.5 

4.62 
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As may be seen, group I, receiving the fodder with the lowest 
content nf crude fiber in the dry matter, had the lowest percentage 
of crude fiber and the highest percentage of crude protein in the 
faeces. The contents of nitrogen-free extract and ash were also some- 
what higher in group I than in the two other groups. Between groups 
II and III there was only a small difference in the composition of 
faeces. The energy per gram of dry matter in the faeces was a little 
higher in group 1 than in the two other groups. In group I the 
faeces sometimes had a soft consistence. 

The digestihility of feed during the two periods in the three groups 
is to be seen in Table 4. 

Table 4. Digestihility of Feeds in %. 



Organic 

matter 

Crude 

protein 

Ether 

extract 

N-free 

extract 

Crude 

fiber 

Period 1: group I. 

83.7 

69.9 

82.2 

90.0 

10.8 

» II. 

69.3 

63.4 

70.4 

74.1 

10.8 

» 111. 

68.5 

62.1 

66.2 

74.0 

8.6 

Period 2: » 1. 

87.9 

74.4 

88.5 

92.0 

44.0 

» 11. 

70.7 

75.1 

76.7 

80.4 

26.6 

» III. 

58.4 

70.1 

! 71.0 

70.4 1 

! 21.0 


As appears from this table, the digestihility decreased with an 
increased content of crude fiber in the dry matter of the rations. 
Axelsson (1942 and 1945 c) and Jarl (1944) have computed the 
decrease in the digestihility of the rations having an increased con¬ 
tent of crude fiber. As to the organic matter, the coefficient of 
digestihility decreased with 1.45 and 3.48 units per percent of crude 
fiber resp. This agrees well with the results given above. In nitrogen- 
free extract the values agree tolerably well, but in the other sub- 
stances the differences are greater as between the results of Axels¬ 
son and JARL. The decrease was greatest in organic matter, depend- 
ing on the low digestihility of the crude fiber itself. On an average, 
the grinding of the hay caused an increase in the digestihility of 
organic matter from only 58.6 % to 59.3 %. 

A peculiarity was that the digestihility of the feed in group I 
gradually increased in the first part of the experiment. On account 
of this, the digestihility of the organic matter in the three groups 
during the nine digestihility experiments are given in Table 5. 

The difference between the lowest and highest value thus amounted 
in group I to 10.1 units. The low digestihility in the beginning of 
the experiment would, however, probably be due to mere chance, 
as the average digestihility of the low content of crude fiber in the 
metabolic experiments amounted to 86.7 %, which will be shown 
later on. If there had been a real increase in digestihility during the 
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Table 5. Digestibility of the Organic Matter in %. 


Experiment 

nr. 

Period 1 



Period 2 



1 

2 

3 

4 

5 

6 

7 

8 

9 

Group I... 

79.8 

81.2 

85.0 

84.9 

1 

1 

85.0 

86.0 

87.5 

89.0 

87.7 

» II... 

59.2 

58.1 

59.7 

69.4 

70.4 

69.8 

71.2 

70.4 

70.0 

» III... 

58.7 

58.0 

58.3 

58.7 

59.7 

58.3 

59.5 

57.8 

57.5 


first period, one could have expected tbat the digestibility of the 
low content of crude fiber in the metabolic experiments would have 
been lower. Jarl (1944) founded the following function: y == 
93.0 —1.48 iT, where y represents the digestibility of organic matter 
and X the i)ercentage of crude fiber in the dry matter of the rations. 
A t 4.0 % of crude fiber the digestibility of the organic matter would 
thus be 87.1 %, which agrees as well with the results obtained in 
the second period as in the metabolic experiments. 

Nitrogen balanve. The average values of nitrogen metabolism are 
given in Table 6. 

Table 6 . Nitrogen in Feed, Faeces and TJrine per Animal and Day, 

in Orams, 





Nitrogen in 

Digestible 

Nitrogen 




feed 

faecos 

urine 

nitrogen 

balance 

Period 1 

: group 

I. 

1.89 

0.54 

1.22 

1.35 

+ 0.13 


» 

II. 

2.14 

0.75 

1.24 

1.30 

M 0.15 


») 

III. 

2.15 

0.78 

1.14 

1.37 

+ 0.23 

Period 2 

1 : » 

I. 

1.52 

0.39 

0.89 

1.13 

+ 0.24 


» 

II. 

1,85 

0.46 

1.07 

1.39 

+ 0.32 



III. 

2.20 1 

1 0.64 

1.16 

1.56 

+ 0.40 


In the first period the animals received about the same amount 
of digestible nitrogen, while in the second the amount rose from 
group I to group III depending on the high digestibility of the crude 
protein in groups II and III in this period. Specially in group III 
the digestibility was very high. The animals were on a positive 
nitrogen balance during the whole experiment, because nitrogen was 
deposited in the coat. In the metabolic experiments, as will be seen 
later on, the nitrogen balance was lower, as a result of which some 
losses could have been at hand in consequence of keeping the glass- 
jars in the stable. 

Metabolizable energy and body^weight. Ås indicated abo ve, the 
hay was ground in group II and chopped in group III. The energy 
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metabolism and average body-weight of the animals in the two groups 
dnring the first period are given in Table 7. 


Table 7. Energy Metabolism and Body-Weight in Oroups II and 
III during Period 1. 



Energy, kcal in 

Metabolizable 

Body-weight, 


feed 

faoces j urine 

energy, kcal 

kg 

Group II. 

614.5 

219.5 1 22.3 

1 I 

273.1 

2.99 

» III. 

521.0 

227.9 1 20.8 

272.3 

2.07 


As is to be seen, the metabolizable energy per animal and day 
and the average body-weight during the 221 days were practically 
the same in the two groups, wherefore the grinding of the hay into 
flour had no obvious effect. Hence Kellner’s view, that the coii- 
tent of net energy for maintenance in tlie metabolizable energy 
decreases with an increased content of crude fiber in eonsequenee 
of the mastication of the coarse fodder, eannot be true conceming 
rabbits. 

In Table 8 the average energy metabolism and body-weight in 
the two periods have been recorded, without the values for group 
II in the first period. 


Table 8. Average Energy Metabolism and Body-Weight in the three 

Oroups, 




Energy, kcal 

in 

Metabolizable 

Body-weight, 



feed 

faeces 

. 

urme 

energy, koal 

kg 

Period 1: group 

I 

362.4 

66.5 

13.3 

282.6 

3.08 


III 

521.0 

227.9 

20.8 

272.3 

2.97 

Period 2: » 

I 

322.5 

43.6 

10.2 

268.7 

3.03 


II 

416.9 

128.4 1 

14.2 

274.3 

2.97 


III 

614.1 

220.4 1 

19.8 

273.9 

2.96 


In the first period group I received more metabolizable energy 
than group III, and the average body-weight of the animals was 
therefore higher. During the second period, however, this was 
corrected, and the weight of the animals in group I approached that 
of the other groups, between which there were no noticeable differen- 
ces. 

In groups I and III, which are directly comparable to each other, 
the average of their 501 days’ long experimental period was the 
following. 
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Metabolizable 

Body-weight, 


energy, kcal 

kg 

1 

Group I. 

274.8 

1 

3.06 

» III. 

273.2 



As it seems, group I received somewhat more metabolizable 
energy than group III. If the low digestibility in group I during 
the first period was only due to mere chance, this group would bave 
received more metabolizable energy than 274.8 kcal. Thus the 
amount during the first period would have been 300.5 kcal if the 
same digestibility is considered to be at hand as in the second period; 
and during the whole experiment group I would have got 282.7 kcal 
of metabolizable energy, which will explain the difference in body- 
weight between groups I and III. Besides this, the greater activity 
of the animals in group III may also have influenced the results. 

As also the monthly changes in the body-weight of the three groups 
are of some interest, the averages are given in Table 9. 


Table 9. The Monthly Body-Weight of the three Rdbhit-Oroups. 


Year and month 

Group 

I 

.1 

Group ‘ Group 

11 ' III 

i 

j 

Year and month 

1 

Group 

I 

Group 

II 

Group 

III 

1943: 

Octobor .. 

3.14 

3.03 

2.97 

1944: 

July. 

3.13 

3.00 

3.00 


November 

3.15 

3.04 

2.97 


August... 

3.14 

3.08 

3.09 


December 

3.15 

3.03 

2.99 


September 

3.09 

3.08 

3.01 

1944: 

January.. 
February . 

3.10 

3.04 

3.02 


October .. 

2.98 

3.00 

2.89 


! 3.12 

3.02 

3.02 


November 

2.93 

2.92 

2.89 


Maroh.... 

3.04 

2.97 

2.97 


December 

2.99 

2.00 

2.93 


April. 

' 2.93 : 

2.88 

2.90 

1945: 

January.. 

3.01 

2.94 

2.97 


May. 

2.93 

2.80 

2.86 


February . 

2.98 

2 96 

3.01 


Juno. 

3,06 

2.91 

2.92 




1 



In the first part of the experiment the weight of group I was 
higher than that of the other groups due to the greater amount of 
metabolizable energy. During the latter part of the experiment, 
the three groups revealed practically the same average weight. In 
accordance with Kellner^s evaluation of foodstuffs, the value of 
the metabolizable energy should have been lower in group III than 
in group I. If this were the case, the weight in group III would have 
decreased during the 501 days’ long experiment. The results thus 
indicate that the value of the metabolizable energy for maintenance 
is independent of the crude-fiber content in the dry matter of the 
rations. 

The weights show two minimums, one in the spring ^d one m 
the autumn, probably due to the season and the shedding of hair. 
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That durin^y shedding, metabolism is increased seems to be evident. 
In order to elucidate this problem experiments have been started 
at the Institute. 


The Metabolic Investigation. 

The experiments were carried out with seven rabbits on rnain- 
tenance-feed with three different percentages of crude fiber in the 
dry matter, viz. 4.3 %, 14.2 %, and 24.0 %. With each animal three 
experiments, one on each content of crude fiber, were carried out 
in order to eliminate individual differences between the rabbits, 
if any should be at hand. The experiments with the same animal 
were successive, taking a time of 2-3 months in all. 

Gomposition of feed. The same feeding stuffs were used as in the 
group experiment. When the crude fiber content was low the feed 
consisted of 3.0% of hay, 2.0% of vitaminfeed, 94.6% of wheat- 
flour, and 0.4 % of calciumcarbonate. The vitamin feed had the 
same composition as in the group experiment. When the crude-fiber 
content was high the feed was composed of 67 % of hay, and 33 % 
of Oats and barley. When the crude-fiber content was medium the 
feed was intermediary. The animals received common salt ad libituni. 

The composition of the dry matter in the feed when the three 
levels of crude fiber were used, are given in Table 10, together with 
the averagc amount of dry matter per animal and day. 

Table 10. Composition of Feedj Dry Basis. 


Crude-fiber 

content 

Dry 

matter, 

g 

Crude 

protein, 

% 

Ether 

extract, 

% 

1 

N-froe 

extract, 

o/ 

/o 

j Crude 
' fiber, 

! 

Ash, 

% 

Kcal/g 

Carbon 

g/e 

low. 

63.7 

13.0 

2.2 

77.0 

4.3 

\ 2.6 

4.43 

0.446 

medium.... 

82.1 

12.0 

2.5 

66.5 

14.2 

4.8 

4.46 

0.453 

hifirh. 

99.9 

11.0 

2.8 

55.1 1 

24.0 

1 7.1 

4.49 

0.460 


Also here our intention was that the animals should have the 
same amount of metabolizable energy for the different levels of 
crude fiber, and therefore the amount of dry matter in the rations 
varied in the three experiments belonging together. The table shows 
that the energy content of the dry matter of the feed was about the 
same, whereas the amount of carbon per gram of dry matter increased 
with an increased content of crude fiber. 

Composition of faeces. In Table 11 we have recorded the average 
composition of the dry matter in the faeces for the three levels of 
crude fiber. The standard errors have been computed for the energy 
and carbon per gram of dry matter. 
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Table 11. Composition of Faeces, Dry Basis. 


Crude-fiber 

content 

Crude 

protein, 

% 

Ether 

extract, 

0/ 

/o 

N-free 

extract, 

% 

Crude- 

fiber, 

% 

Ash, 

0/ 

/o 

Kcal/g 

Carbon 

g/g 

low. 

26.6 

1.8 

41.2 

22.4 

8.0 

4.8310.02.5 

0.466 10.002 

medium ... 

11.7 

2.0 

38.2 

39.4 

1 8.7 

4.6710.019 

0.463 + 0.002 

high. 

10.4 

2 0 

36.6 

42.2 

1 8.8 

4.63 + 0.012 

0.46.5+ 0.001 


The composition of faeces was nearly the same as in the group 
experimcmt. Also here the amount of energy per gram of dry matter 
decreased with an increased content of crude fiber. The differences 
between the low content of crude fiber, on the one hand, and the 
other two levels, on the other, are statistically significant, the 
t-values being 4.97 between a low and medium content, and 7.26 
between a low and high content of crude fiber at 12 degrees of 
freedom. This is probably due to the high content of crude protein 
when the level of crude fiber is low. The amount of carbon was 
about the same for the three levels of crude fiber. 

The digestibility of the feed for the different percentages of crude 
fiber is recorded in Table 12. 


Table 12. Digestibility of Feed in %. 


Crude-fiber 

content 

Organic 

matter 

Crude 

protein 

Ether 

extract 

N-free 

extract 

Crude 

fiber 

low. 

86.7 10.73 

70.0 

88.7 

92.3 

27.1 

medium .... 

70.3 10.26 

69,9 

75.6 

82.2 

14.0 

hieh. 

68.210.39 

69.8 

70.1 i 

71.7 

25.1 


The decrease in digestibility with an increased content of crude 
fiber was the same as in the group experiment. On the low level of 
crude fiber the digestibility of the organi c matter was almost equal 
to that in the second period of the group experiment, so the low 
digestibility of the first period would probably be due to mere 
chanee. The standard errors in the organic matter are greatest when 
the content of crude fiber is low, probably depending on the small 
amounts of faeces per day. The experimental periods of low-level 
crude fiber should therefore hav© lasted som days longer. 

Nitrogen balance. The average values of nitrogen in the daily 
feed, faeces, and urine for the three levels of crude fiber are given in 
Table 13. 

The values of digestible nitrogen, urine-nitrogen, and nitrogen- 
balance varied somewhat, as the table shows, due to some experi- 
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Table 13. Nitrogen Metabolism in Grams, 


Crude-fiber 

content 

feed 

Nitrogen in 

faeces 

urine 

Digestible 

nitrogen 

Nitrogen 

balance 

low. 

1.83 

0.39 

0.85 

0.94 

0.09 ±0.052 

medium .... 

1.58 

0.48 

1.09 

1.10 

0.01 ±0.018 

hifich. 

1.76 

0.71 

1.12 

1.05 

-0.07 ±0.018 


mental errors. The lowest value of the nitrogen balance was —o. 10 g 
when the content of crude fiber was high and the highest value was 
+ 0.18 g when the content of crude fiber was low. The average value 
of all the 21 experiments was 0.01 g. 

Respiratory quotient. As stated above, the carbon dioxide produc- 
tion was corrected with the carbon dioxide in urine bound as a car- 
bonate. The average values of this as well as the oxygen consump- 
tion and respiratory quotient are given in Table 14. 


Table 14. Carbon Dioxide Productiony Oxygen Consumption and 
Respiratory Quotient. 


Crude-fiber 

content 

COg in g per day 

Oj, 

g/day 

R.Q. 

determined 

corrected 

low. 

82.2±0.78 
82.1 ±1.16 
82.3 + 1.34 

82.3 ±0.78 
82.8±1.16 
83.6 + 1.33 1 

61.5 ±0.88 
61.1±1.45 I 
6.3.1 + 1.64 1 

0.97 ±0.005 
0.99 ±0.010 
0.96 + 0.010 

medium. 

hieh. 


The determined amount of carbon dioxide was about the same 
for the three levels of crude fiber in the dry matter, whereas the 
corrected amount increased with the percentage of crude fiber, 
probably because of the greater amount of carbon in the feed. The 
oxygen consumption showed a greater irregularity, partly due to the 
greater errors in the determination. The variation in carbon dioxide 
production and oxygen consumption was relatively great, as no 
correction in differences of body-weight, age, season, and meta- 
bolizable energy per day were made. The respiratory quotient was 
about the same in the three percentages. 

Energy in urine. In Table 15 the averages of urinary energy per 
gram of nitrogen and of carbon are recorded. 

As it seems, the energy per gram of nitrogen increased with an 
increased content of crude fiber since the differences between the 
three levels of crude fiber were statistically significant. Per gram 
of carbon the amount of energy, however, was tolerably constant. 
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Table 15. Energy in TJrine per Oram of Nitrogen and Carbon. 


Crude-fiber content 

Kcal per gram of 
nitrogen 

Kcal per gram of 
carbon 

. 

12.8 ±0.34 

15.6 ±0.71 

18.2 ±0.58 

11.1±0.19 

10.3±0.17 

10.2 ±0.10 

medium.. 

hiffh. 


Between the low level of crude fiber and the two other levels the 
differences were nearly statistically significant, the t-values being 
3.14 and 4.18 at 12 degrees of freedom. 

The methane producUon of the rabbits was estimated in six experi¬ 
ments. The carbon dioxide from methane produced by each animal 
per day ranged between 0.12 and 0.19 grams. Such low values 
have earlier been obtained by Hellberg with the same apparatus, 
and therefore the production of methane was not estimated in all 
experiments. Differences in the methane production between the 
three contents of crude fiber were not at hand, as a result of which 
the energy and carbon in methane were neglected. 

Metabolizable energy and energy balance. As mentioned above the 
animals would have the same amounts of metabolizable energy. 
This amount would keep them at an energy-equilibrium as nearly 
as possible. So the dry matter of the rations was changed according 
to the results obtained from the experiments. The weight of the 
animals in table 16 refers to the third day of their staying in the 
respiration-chamber. This weight was obtained by computing the 
equation of the straight line for the daily weights during the ex- 
perimental period and the four last days of the preliminary period. 
The energy balance was obtained in two different ways, partly by 
subtracting the energy in the feed with the energy in the faeces, the 
urine and the heat production computed according to Zuntz’ for¬ 
mula, partly by computing the energy in deposited fat and protein 
from the balance of carbon and nitrogen. One gram of deposited 
fat was considered to contain 9.46 kcal and 76.5 % of carbon, and 
one gram of deposited protein 5.70 kcal and 52.0 % of carbon. 

The data of energy in feed, faeces and urine, as well as those of 
heat production and metabolizable energy, determined and computed 
in the experiments, are given in Table 16. On an average, the 
animals received 230.1 kcal of metabolizable energy per day when 
their average body-weight amounted to 3.145 kg. The energy ba¬ 
lance and the deposited energy in the tissues were therefore corrected 
to 230 kcal of metabolizable energy and 3.145 kg of body-weight in 
each experiment. The corrections were carried out according to 
Hellberg^s results, not yet published, in his experiments at this 
Institute with the same breed and apparatus. 
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Table 16. The Energy MetaboUsm. 


Rabbit 

nr. 

Body- 

weight» 

kg 

Energy, kcal in 

Heat 

pro¬ 

duc¬ 

tion, 

kcal 

Metaboli¬ 

zable 

energy, 

kcal 

Energy 

balance, 

corr., 

kcal 

Energy 
in depo- 
sited 
tisaues, 
corr., 
kcal 

Energy 
balance 
and 
energy- 
deposition 
av., kcal 

feed 

faeces 

urine 

Low content of crude fiber. 






174 

3.070 

278.8 

31.8 

11.3 

217.8 

235.7 

12.3 

8.4 

10.4 

112 

3.005 

278.8 

47.0 

11.0 

220.4 

220.8 

3.8 

0.4 

2.1 

185 

3.240 

283.3 

36.5 

10.9 

205.4 

235.9 

30.3 

26.6 

28.5 

184 

3.310 

283.3 

46.6 

9.0 

209.0 

227.7 

25.0 

22.7 

23.9 

186 

3.279 

283.3 

43.3 

9.3 

207.9 

230.7 

26.4 

21.5 

24.0 

147 

3.163 

283.3 

49.8 

9.7 

218.3 

223.8 

9.5 

8.3 

8.9 

106 

3.091 

283.3 

49.3 

11.9 

225.6 

222.1 

-1.6 

-4.2 

-2.9 

Average 

3.179 

282.0 

43.5 

10.4 

214.0 

228.1 

15.2 + 4.64 

12.0±4.48|13.6±4.56 

Medium content of crude fiber. 






174 

3.053 

352.3 

118.4 

20.6 

211.8 

213.3 

7.6 

0.8 

3.4 

112 

3.155 

352.8 

IIO.O 

16.9 

234.5 

225.4 

-6.2 

-8.7 

-7.5 

185 

3.177 

374.6 

119.5 

16.0 

209.8 

239.1 

25.3 

25.5 

25.4 

184 

3.188 

374.6 

123.9 

15.6 

202.2 

235.1 

31.4 

31.1 

31.3 

186 

3.126 

374.6 

122.7 

16.2 

199.7 

235.7 

32.4 

28.9 

30.7 

147 

3.188 

368.0 

118.2 

16,0 

216.2 

233.8 

16.9 

17.6 

17.3 

106 

3.128 

368.0 

119.6 

17.4 

224.0 

231.0 

5.8 

9.7 

7.8 

Average 

3.145 1 

366.4 

118.0 

17.0 

214.0 1 

230.5 1 

16.2±5.48 

14.8 ±5.79 

15.5 ±5.60 

Hight content of crude fiber. 






174 

3.097 

435.S 

189.2 

20.7 

226.9 

225.9 

- 0.4 

4.1 

1.9 

112 

3.140 

435.8 

182.9 

20.7 

243.6 

232.2 

-12.8 

-2.0 

-7.4 

185 

3.140 

453.8 

200.5 

21.2 

215.1 

232.1 

15.7 

24.0 

19.8 

184 

3.118 

453.8 

204.8 

19.8 

204.8 

229.2 

24.0 

26.1 

25.1 

186 

3.078 

453.8 

204.6 

20.3 

205.2 

228.9 

22.2 

28.2 

25.2 

147 

3.149 

4S3.8 

197.3 

19.3 

213.7 

237.2 

19.6 

22.4 

21.0 

106 

3.063 

453.8 

197.9 

20.3 

227.5 

235.6 

2.2 

9.1 

5.7 

Average 

3.112 

448.7 

196.8 

20.3 

219.6 

231.6 

110.0±5.25 

|16.0±4.55 

113.0 ±4.88 


When metabolizable energy is corrected to 230 kcal, it lias been 
considered that it is utilized to 55 %, which according to Hellbebg^s 
results is the case concerning energy-equilibrium. For the correction of 
the body-weight Hellberg deduced the forraula 

( Jlf\0 82«-0.00158 E 

from experiments with varying body-weights of the animals. In the 
formula V(con) = the corrected heat production, F = the determined 
heat production, M = the average weight in all the experiments, 
K = the weight in the different experiments, and JS=the amount of 
metabolizable energy corrected. In these experiments E would thus 
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be 230, and the power 0.823—0.00163 • 230 = 0.471 and M = 
3.146. 

An example will best illnstrate the correction procedure, so I will 
take the first experiment with rabbit 174 on the low level of crude 
fiber. In this experiment the metabolizable energy amounted to 
235.7 kcal, and consequently the energy balance as well as the 
deposited energy in the tissues will diminish with 5.7 • 0.66 = 3.1 
kcal, and the heat production with 5.7—3.1 =2.6 kcal to 217.8—2.6 
= 215.2 kcal. If the values are then put in the formula given above 

( 3 

3 070/ ==217.7 kcal. The corrected 

heat production will thus be 217.7 kcal and the increase therefore 
amounts to 217.7—215.2 ==2.5 kcal, wherefore the energy balance 
and the energy deposited in the tissues will diminish witii 2.5 kcal. 
The total correction is thus — (3.1 +2.5) =5.6 kcal. In this manner 
corrected values are recorded in the columns of corrected energy 
balance and corrected energy deposited in the tissues. The difference 
between these two values is commonly regarded to be due to ex¬ 
perimental errors according to the law of the constancy of the 
energy. For this reason, the average values have been given in 
the last column of the table. 

From the table it will be noted that the differen(*e8 of energy- 
balance or deposited energy between the three levels of crude fiber 
are insignificant. Within the different contents of crude fiber there 
are great differences between the animals and, in some cases, also 
between experiments with the same animal. These differences will, 
however, probably be due to the age of the animals and the season. 
The correction of this will surely not influence the final outcome. 

The amount of metabolizable energy for maintenance at the low, 
medium, and high crude-fiber content would on an average be 205, 
202, and 206 kcal resp., if the metabolizable energy, as stated above, 
is utilized to 55 %. This amount is lower than that in the group- 
experiment as only one animal was held in each cage. 

In accordance with the group experiment, these trials indicate 
that the value of metabolizable energy for maintenance is inde- 
pendent of the content of crude fiber in the dry matter of the rations. 

Discussion. 

From the experiments it is evident that in rabbits the maintenance- 
value of the metabolizable energy is independent of the percentage 
of crude fiber in the dry matter of the rations. This result agrees 
with the law of Kubnee (1883) as well as with the results of Eitz- 
MAN and Benedict (1938) in their experiments with ruminants. 
On the oontrary it does not agree with the evaluation of food-stuffs 
according to Kellner’8 starch value, or the Scandinavian feed-unit. 

13 — 46441 Kungi. Lantbruhahögakolana Annaler Vol, 13 
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The utilization of metabolizable energy for different levels of 
crude fiber above maiixtenance will be investigated later on in the 
Institute. 


Summary. 

In experiments with adult females of Little Chinchilla the main- 
tenance-value of the metabolizable energy was independent of the 
content of crude fiber in the dry matter of the rations. In an experi¬ 
ment with three groups of six animals each for 501 days, one group 
received 283 kcal, and another 273 kcal of metabolizable energy per 
animal per day in rations containing 4.1 and 21.5 % of crude fiber 
in the dry matter resp. In both cases the body-weight averaged 
3.06 and 2.96 kg. In the groui> fed on a ration having an intermediate 
percentage of crude fiber the body-weight was the same as in the two 
other groups. Further, the value of the metabolizable energy for 
maintenance was independent of whether the hay was ground or 
chopped. In metabolic experiments with se ven animals fed on 4.3 %, 
14.2 %, and 24.0 % of crude fiber in the dry inatter of the rations 
the value of the metabolizable energy for maintenance was also 
fully independent of the levels of crude fiber. 
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E£fects of excessive liming on leached, acid soils. 

By SANTE MAn'SON. 

From the Inatitute oj PedoJogy. 


Introduction. 

This paper is a first report on a comparative study of the com- 
position of the soil from excessively limed fields and from adjoininp: 
nncultivated podzol. The samples were colleeted on a farm of 7.5 
hectares in Brännalt on the Hallandsås ridge in the Southwest of 
Sweden. 

The soil is a more or less podzolized, loamy moraine on red gneiss, 
excepting a small area of bog soil. The elevation is about 600 feet. 
A gentle sloop insures a good drainage. The annual rainfall amounts 
to about 700 mm. 

The owner, Mr. Eähl IS^ilsson, told the writer that when he 
bought the farm in 1912 he was warned by neighbours that the soil 
was exhausted by too much lime and that the crops had been ex- 
tremely poor for many years. 

Deposits of calcareous marl occur in several plaees on the ridge. 
The marl has been transported by the ice sheet during the glacial 
period from the chalk beds to the north of the ridge. About 60 
years ago it was still common practice among the farmers in this 
part of the country to apply large quantities of marl. Tn an age 
when artificial fertilizers were unknown, when barnyard manure 
was badly utilized and when the functions of legumes were not 
understood, this practice often proved disastrous. The mobiliza- 
tion by the lime of potassium, phosphorus and nitrogen in the al¬ 
ready strongly leached soil was soon bound to exhaust the soil and 
reduce its fertility to a very low level. Too late it was discovered 
that the father had gotten rich at the expense of his son. 

The Brännalt farm was an example of such exhaustion. The 
present owner succeeded, however, in getting fairly good crops by 
a liberal application of artificial fertilizers. Before the war the 
yearly application amounted to 400-500 kg muriate of potash 



Effects of excessive liming on leached, acid soils 


197 


(40% KgO), 1600 kg superphosphate, 200 kg ammonium sulfate 
and 600 kg calcium nitrate, 

Despite the greatly increased yield (or perhaps because of it) 
there has been a lot of trouble on the Brännalt farm with both 
crops and animals. 

The gray speck disease of oats used to be quite common, but the 
owner believes that he has now cured this manganese deficiency 
by the use of ammonium sulfate. The yellow tip disease, which is 
a copper deficiency disease, continues to be a common occurrence. 

The most serious concern has been the health of the animals. 
The farm keeps five cows, three young heads of cattle and one horse. 
During his first years on the farm the owner had no trouble with 
his animals, but gradually certain symptoms developed, such as 
loss of appetite, and from 1920 to 1930 he lost four heifers. During 
the last ten years he has had no trouble with the cows (probably 
as a result of feeding them certain combinations of salts') but the 
young animals, especially the calves, have shown no tendency to 
improve. 

It should be added that the only native pasture on the farm is 
in a small grove of old beeches which has never been cultivated (cf. 
fig. 1). It should further be recorded in this place that about one 
fourth of the barnyard manure has been sold from the farm. 

A laboratory experiment in liming. 

Before discussing the Brännalt samples we shall study the re- 
sults of a laboratory experiment which is of interest in this con- 
nection. 

By means of four stainless Steel cylinders, 8 cm in diameter and 
26, 35, 45 and 60 cm in length, four column of the Häggbygget podzol 
were taken in as undisturbed condition as possible. By driving 
the cylinders into the ground the were filled with the soil to in- 
clude 1. horizons Aq-Aj, 2. Aq-Bj, 3. Aq-Bj and 4. Ao-Bg as 
explained in table 1. (The longer cylinders had to be filled by 
pushing shorter columns of soil backwards, up into the cylinder.) 

In the laboratory the cylinders were placed on a layer of quartz 
sand contained in Buchner funneis, which were provided with 
a triple layer of filter paper. 

The columns were now leached daily with 100 cc water, which 
was saturated with toluol, until the filtrate amounted to 2 liters. 

The soil columns were now ejected into enameled pans, the soil 
partly dried, then thoroughly mixed and again fiUed into the cy¬ 
linders and leached as before with 2 liters of toluolated water. 

^ On the reconunendation of professor O. Svanbbrq the cows have been fed 
sodium phosphate oontaining 0.6 % copper sulfate. 
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The soil columns were then once more ejected, the soil partly 
dried, and the amount of Ca(OH )2 required for neutralization was 
determined. Twice this amount of Ca was added in the form of 
CaCOg: ( 10 . 6 , 15.6, 24.8 and 38.0 g CaCOg respectively). After 
thorough mixing, the loose, moist soil was placed in suction fläsks 
of 10 litres capacity which were then evacuated and filled with 
oxygen. The fläsks were kept in the (ionstant temperature room 
for 8 days, during which time the soil was often turned over and the 
fläsks several times recharged with oxygen. Large amounts of oxy¬ 
gen were consumed by the humus whose reduction potential is 
greatly increased by the increase in base status (Mattson 1943). 
Due to the evolution of COg the oxygen consumption oould not be 
directly measured and was therefore not determined. 

The autoxidation was done to prevent the solution of Fe and 
Mn by a reduction of these elements. Our aim was to study the 
effect of liming under aerobic conditions. 

The autoxidized soil was again filled into the cylinders and leached 
as before with two liters of toluolated water. 

The filtrates were analyzed for the major elements. The result 
are shown in table 1 . 

The composition of the filtrates from the undisturbed and the 
mixed soil columns shows the same trend as that observed by 
Mattson and Andersson (1942) in similar experiments. 

In the undisturbed series there is a transport of humus colloids 
(note the color of the solution), of sesquioxides and of TiOg from 
the upper to the lower horizons. This is the normal process in the 
podzol profile and leads to the formation of the eluviated A horizon 
and the illuviated B horizon, and is accounted for by the theory 
of isoelectric weathering (Mattson 1932). 

The cations Mn, Ca and Mg, which have accumulated in the 
humus layer during their biological cycle, are leached out of the 
humus in small amounts and are not adsorbed, at the prevailing 
pH, by the much weaker mineral acidoids. 

The phosphoric acid, which is also a biologically accumulated 
product in the humus layer, is leached out in small amounts and 
is not adsorbed by the sesquioxides in the B horizon as might have 
been expected. It is possible that most of this phosphorus was or- 
ganically combined, Phytin seems to be a constant constituent 
in soils and, according to unpublished data, ferric phytinate is ex- 
tremely stable and has a very low isoelectric point. It might there¬ 
fore be expected not to be precipitated in the B horizon but to be 
anionically eluviated. The phenomenon is however very obscure 
and needs to be investigated. 

The mixed series show great activity: The color of the filtrate 
from the Ao-Ag column is dark brown, and even the A 0 -B 3 
column yields a yellow filtrate. Large amounts of Fe,, Al and Ti 
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Table 1 . 

Composition of leachates (2 1.) from four columns of the Häggbygget 
podzol: 

1. Horizons Aq+Ai+A 2=16 cm (521 g). 

2. » Aq-I-A i +A 2 “hBi = 22.5 cm (738 g). 

3. » Aq-I" A 2 +Bj^-(“B 2 = 38 cm (1346 g). 

4. - Ao+Ai + A 2 +Bi + B2+B3r=53 cm (2143 g). 

I. From undisturbed soil. 

II. After mixing of soil from I. 

III. After liming and autoxidation of soil from II. 



Color of 
Sol. 

pH 
of soil 
in 

N. KCl 



Mgm in 2 liters leachato 



HorizonH 

Org. 
ra ätter 

Al.O, 

Fe,0. 

TiO, 

MnO 

CaO 

MgO 

P.O. 

Ao Ag 

brown 

3.17> 

164 

I. 

7.7 

7.8 

.6 

.12 

3.8 

3.4 

.54 

Ao Bt 

colorloss 

3.T0‘ 

94 

2.5 

4.9 

.1 

.13 

4.5 

4.0 

.06 

A„-B, 

» 

3 . 93 I 

95 

.9 

2.0 

.0 

.21 

5.0 

3.3 

.54 

A. B, 


4.131 

72 

1.1 

2.6 

.0 

.11 

3.8 

3.7 

.80 





TI. 






Ay Aj 

|d. brown 

3.10 

! 367 

21.0 

80.0 

12,5 

.20 

8.0 11.9 

2.46 

Ao B, 

1 brown 

3.52 

I 541 

55.1 

143.5 

! 14.4 

.45 

8.5| 10.2 

2.52 

A 0 -B 2 

11 , brown 

3.62 

1 409 

56.4 

92.6 

8.8 

.51 

9.5 

13.2 

2.52 

Ao-Ba 

lyellow 

3.62 

i 299 

32.0 

48.0 

3.8 

.21 

8.8 

9.2 

2.40 





III. 






Ao^Ag 

yellow 

6.81 j 

! 449 1 

2.8 

2.1 

trace 

.08 

170.3 

6.4 

.82 

Ao Ih 1 

» 

6.74 i 

738 i 

1.4 

6.1 

^ 1 

.03 

255.5 

4.5 

! 1.10 

Ao-B, 

» 1 

G.88 

1 1150 

6.5 

2.5 

trace 

.03 

300.0 

4.1 

1.34 

A0-B3 

, » 1 

6.85 

i 1610 

9.4 

2.6 

.3 

.03 

460.0 

3.6 

1.18 


are catioiiically eluviated, and althougb some precipitation of the 
Fe and Ti complexes occurs in the B 2 containing column, consi- 
derable amounts of all three of the elements aré eluviated, even 
from the B 3 containing column. 

Mn, Ca, Mg and P all show a greatly inceased activity, the ex- 
changeable cations because of a displacement from the humus 
acidoids by the sesquioxide basoids, and the phosphoric acid be¬ 
cause of a displacement from the sesquioxide basoids by the humus 

acidoids. . . i. t. 

All this amounts to an intensified podzolization brought about 
by the admixture of the humus acidoids and the sesquioxide ba- 
soids. In the original podzol a smooth potential gradient has been 

1 pH of soil at bottom of column, pH at the top = 2.86. 
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established through centuries of leaching. The adjacent particles 
have the same Chemical potential and react only with new material 
brought in by the soil solution. When the soil is mixed, as when 
it is cultivated, colloids from the different horizons, having dif- 
ferent Chemical potential, are brought in intimate contact. The 
system, thus activated, tends again to reduce its free energy to 
a minimum. The more stable forms of compounds are formed, and 
ions, which do not fit into the new structure, are thrown in solution 
as by-products of the reaction. If again left undisturbed the soil 
colloids will be transported and isoelectrically precipitated according 
too the pH gradient, thus establishing a new differentiation in the 
soil profile. Each cultivation must therefore result in renewed 
Chemical as well as biological activity. 

Turning now to the limed series we noto that the liming brings 
about an extensive solvation of organic matter, most of which 
appears to come from the B-horizon material. At high pH the Al 
and Fe are unable to bind all the humus acidoids with which the 
were once isoelectrically precipitated in the B-horizon. The humates 
are therefore hydrolyzed, and the humus acidoids, which consist of 
P-humus and therefore not precipitable by the Ca ions, are anionic- 
ally eluviated. Under natural conditions we might expect these 
humus acidoids to be reprecipitated by the sesquioxides in the 
lower, unlimed horizons where the pH is low enough (cf. below). 

The liming has greatly reduced the sesquioxides as compared 
to the mixed series. The small amounts still eluviated may be 
assumed to be carried anionically in combination with the humus 
acidoids. Some mechanical elutriation might have taken place. The 
filtrates were not absolutely clear. 

The filtrate yields mere traces of Ti, and Mn has been greatly 
reduced by the liming, evidently because of an oxidation and pre- 
cipitation as MngOg and MnOg. 

The filtrate shows an extremely high Ca ion concentration. This 
is accounted for by the reaction 

Hg-Acidoid + 2 = Ca-Acidoid + Ca(HC 03 ) 2 . 

The magnesium is still somewhat higher than in the filtrate 
from the undisturbed series. This is only what might be expected 
since the Ca ions displace these ions as weU as the H ions in the 
soil complex. The liming of an acid soil increases the activity of 
all the exchangeable cations in the soil solution except Mn, which 
is rendered insoluble by oxidation, and the heavy metal cations 
which are precipitated in the form of hydroxides or basic salts. 
Thus lime exhausts the soil of the former and reduces the availabi- 
lity of the latter. 

A heavy liming of a leached soil may further greatly disturb 
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the normal physiological balanoe of the ions. It will be noted that 
the Ca/Mg and Ca/Mn ratios have become extremely widened in 
the limed series. 

The phosphoric acid in the filtrates of the limed series is still 
considerably higher than in the undisturbed series. In acid soils 
the phosphoric acid is firmly bound by the sesquioxides. When 
the soil is limed these compounds undergo an extensive hydrolysis. 
Ca precipitates phosphoric acid only at very high pH. The latter 
has therefore a maximum in solubility around the neutral point 
(Gaardee 1930, Mattson and Karlsson 1938). 


The Brännalt farm. 

Fig. 1 shows a map of the Brännalt farm. In August 1944 
samples of the surface soil, and in several places of the subsoil, 
were taken at the numbered circles in the different fields. Samples 
No 9. were taken under a group of old beech trees, on pastured but 
never cultivated groimd. Samples No. 25 were taken in the beech 
wood adjacent to the farm. This is a virgin soil which at present 
time has no ground vegetation. Both 9 and 25 possess a well deve- 
loped bleached A 2 -horizon. 

After having collected samples from 25 places the writer was 
asked by the owner to take a sample on field III, some distance 
to the South of No. 5 a where, as he put it, there is no improvement, 
no matter how the soil is fertilized. Three samples were therefore 
taken at 5 b, down to a depth of 60 ctn. 

This proved very interesting. Beneath the upper 20 cm of cul¬ 
tivated soil was a remnant of the decapitated, original Ag-horizon 
of varying thickness. Its color was somewhat grayish or brownish 
gray, the result, probably, of an incipient regeneration of the brown 
earth. Below this was a compact rusty red to coffee brown B- 
horizon which broke up into hard crusty lumps. It was obvious 
that the soil was here strongly podzolized and that the plow had 
never penetrated the A-horizon. Material from the B-horizon had 
therefore never been incorporated in the cultivated layer. 

Table 2 shows the results of the analysis of the samples as far 
as this has been carried out. (For methods cf. below.) 

From samples 25 and 9 we get an idea of the base status and of 
the nutrient content of the major elements in the original soil. As 
usual in podzols, there is a considerable accumulation of nutrients 
in the humus layer whereas the A 2 - and the B-horizons are very 
poor in lactate-soluble P and in all of the exchangeable cations. 
Note the high amount of Mn in the F layer (beech mold) in No. 25. 
It wiU also be noted that the Ca/Mg and the Ca/K ratios are very 
low in the mineral horizons. That these ratios are relatively high 
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Fig. 1. Map of the Br&nnalt farm ehowing tho points at which field samples 
were coUectod, and the place in the ston© fence through which a trench was dug 
and series of profile samples were collected. 
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Table 2. Organic matter^ pH^ lactate^soluble PgOg and (by NH^Cl) 
exchangeable Ga, Mg, Mn and K in cultivated and heavily limed soil 
and in adjoining, virgin podzol, (Gomp. fig, 1). 


No in 
fig. 1 

Sainple 
depth 
m era 

Organic 

matter 

o/ 

/O 

PH 

mg 

100 g 

Ca j 

M. e. 

Mg 

/lOO g 

Mn 

K 

Ca/Mg 

Ca/K 

Virgm podzol in heech 

wood. 

no ground vegetation: 




25 

F 

49.34 

4.72 

11.7 

15.761 

2.57 

.727 

.91 

6.1 

17.3 

25 

A^, 1-5 

29.03 

4.25 

7.0 

6 . 03 I 

1.54 

.127 

.54 

3.9 

11.2 

25 

Aj, 7 12 

10.11 

4.18 

2.0 

I. 14 I 

.49 

.014 

.28 

2.3 

4.1 

25 

B,. 15 25 

7.03 ' 

4.52 

,l 

.201 

.36 

trace 

.12 

.6 

1.7 

25 

Bj, 30- 40 

8.00 

4.63 

.0 

.36 

.33 

.015 

.14 

1.1 

2.5 

Virgin podzol in heech 

grove. 

grasH pasture: 






9 

Ao, 0-7 

50.41 

3.92 

8.1 

6.001 

2.63 

.035 

1.08 

2.3 

5.6 

9 

A.,, 10 15 8.67 

3.88 

1.4 

.421 

.76 

.000 

.33 

.6 

1.3 

i) 

Bl, 30 40 

4.70 

4.32 

.0 

.161 

27 

.000 

.10 

.6 

1.6 

Cultivated fields, surjace soil: 








\ 1 

0 15 

7.43 

6.10 

3.6 

8.4 3 

.47 

.039 

.22 

17.9 

38.3 

; 2 

» 

23.79 

5.84 

7.7 

26.00 

1.10 

.055 

.17 

24.5 

158.2 

3 


12.81 

0.28 

7.4 

15.34' 

.66 

.025 

.30 

23.2 

51.1 

4 


8.81 

0.50 

7.4 

15.02' 

.63 

.039 

.29 

23.8 

51.8 

5 a 

9 

9.18 

7.10 

7.8 

19.49 

.52 

.006 

.22 

37.5 

88.6 

5 b 

» 

10.23 

6.98 

9.0 

18.40 

.52 

trace 

.24 

35.4 

76.7 


» 

29. .-iO 

0.66 

11.3 

19.91: 

.81 

.04 5 

.26 

24.6 

76.6 

! 7 


10.59 

0.65 

12.3 

16.89| 

.78 

.018 

.64 1 

21.7 i 

26.4 

8 

' » 

10.90 

5.85 

3.8 

8 . 24 ! 

.84 

.039 

.45 

9.8 i 

18.3 

10 

t> 

9.98 

0.85 

4.0 

17 . 52 ; 

.67 

.043 

.39 j 

26.1 ! 

44.9 

U 

» 

8.47 

0.55 

10.3 

12.41 

.59 

.042 

.52 ' 

21.0 

23.9 

12 

' » 

11.41 

6.51 

3.8 

18.031 


.034 

.43 

24.4 

41.9 

13 

' » 

10.1 1 

5.88 

1.1 

8 . 35 ! 

.40 

.060 

.29 

20.9 

28.8 

14 

> » 

9.11 

0.63 

3.7 

14.581 

.67 

.025 

.23 

21.8 

63.4 

15 

9 

9.89 

0.75 

2.4 

15.52 

.67 

.014 

.14 

23.2 

110.9 

10 

1 » 

8.79 

6.33 

4.1 

11.45j 

.61 

.009 

.15 

18.8 

76.3 

17 

» 

8.85 

0.25 

2.4 

10.43| 

.31 

.011 

.48 

33.6 

21.7 

18 

9 

, 9.28 

0.55 

2.4 

10.221 

.64 

.018 

.17 

16.0 

60.1 

19 

! 9 

9.94 

6.06 


! 11.10 

.56 

.070 

.32 

19.8 

34.7 

20 

9 

8.71 

6.72 

4.2 

14.58; 

.34 

.011 i 

.23 

42.9 

63.4 

21 

! » 

9.06 

5.80 

2.6 

8.16, 

.45 

.052 

.18 

18.1 

45.3 

22 

i 9 

! 13.90 

6.37 

4.6 

18.08, 

.54 

.029 

.31 

33.5 

58.3 

23 

! 9 

’ 21.62 

6.16 

10.8 

24.61! 

.90 

.035 

.20 

27.3 i 

123.1 

24 

i » 

, 23.68 

5.88 

6.7 

33.891 

1.71 

.093 

.18 

19.8 

188.3 

Average 

24.4 

1 06.5 
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No in 
fig. 1 

Sample 
depth 
in cm 

Organic 

matter 

% 

pH 

100 g 

M. e./lOO g 

Ca/Mg 

1 

Ca/K 

1 ' 

Ca 

Mg 

Mn 

i ^ 

CuUivated fields, subsoil: 







1 

1 

1 

20-35 

6.21 

6.28 

.3 

8.00 

.84 

.006 

.11 

25.6 

79.0 1 

2 

23-38 

23.78 

5.28 

1.8 

9.56 

1.01 

.007 

.11 

9.5 

86.9 1 

3 

20-35 

3.23 

6.28 

1.3 

4.38 

.43 

traee 

.09 

10.2 

48.7 

5 Bf 

» 

6.04 

6.77 

.0 

9.80 

.30 

.000 

.17 

32.7 

57.6 1 

5b 

25-40 

8.40 

6.12 

.0 

8.95 

.54 

.000 

.12 

16.6 

74.6 , 

5 

50 60 

3.01 

6.09 

.0 

2.85 

.19 

trace 

.u 

15.0 

25.9 

6 

20-35 

2.10 

6.02 

1.3 

3.89 

.33 

.003 

.11 

11.7 

35.4 1 

7 


7.33 

6.02 

.2 

6.79 

.34 

.005 

.22 

20.0 

30.9 

11 

» 

3.09 

6.45 

.3 

4.77 

.34 

.007 

.09 

14.0 

53.0 

13 


6.14 

5.78 

.3 

2.47 

.25 

.010 

.23 

9.9 

10.7 

14 


4.r.8 

6.61 

.1 

7.95 

.33 

trace 

.15 

24.1 

53.0 ; 

15 

» 

6.48 

5.63 

.9 

2.43 

.21 

.012 

.11 

11.6 

22.1 

16 

30-46 

6.79 

5.68 

.1 

2.95 

.18 

trace 

.16 

16.4 

18.4 

22 

» 

5.90 

6.38 

.6 

8.12 

.34 

.006 

.13 

23.9 

62.5 

24 

38- 50 

60.37 

5.13 

.3 

25.01 

2.92 

.014 

.27 

8.0 

92.6 

1 Average 

16.7 ' 

50.1 


in the humus layer, especially in the beech mold, is due to the fact 
that the beech is a great assimilator of Ca, much of which is pre- 
cipitated in the leaves as Oa-oxalate. 

It should be pointed out that since the humus layer, and espe- 
eially the F-layer, represent a relatively small part by weight of 
the soil their effect on the Oa/Mg and Ca/K ratio in the cultivated 
soil would not be so great. 

The cultivated fields show the effects of the lime applied about 
60 years ago, 1) by a high pH, 2) by a high content of exchangeable 
Ca, and 3) by very high Ca/Mg and Ca/K ratios. The effects of 
the liming extend deep into the subsoil. 

It is significant that the part of field III, declared by the owner 
as very intertile and represented by 6 a and 5 6, shows the highest 
pH (7.10 and 6.98), the highest content of exchangeable Ca (with 
due reference to the humus content), and the lowest content of 
exchangeable Mn. The Ca/Mg and Ca/K ratios are also well above 
the average. 

We are not now prepared to say just what this has to do with 
the fertility of the soil, but we have every reason to believe that 
the Mn is too low and that the ratios between the Ca and the other 
cations are too wide. Other elements beside Mn, such as Fe and Cu, 
might also have been rendered unavailable by the liming. 

It is very probable that the pH of the surface soil was much 
higher shortly after the time of liming than it is today when a lot 
of the lime has been washed down into the subsoil. If so, we might 
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expect the Mn-deficiency to have been more general in the past 
than it appears to be now. This would be in agreement with the 
observation of the owner that the gray speck disease of oats, once 
prevalent, in no longer in evidence. 

Grass collected at sampling point 9 in the beech grove, and hay, 
a mixture of clover and grasses, from field I showed the following 
percentage composition: 


Ca Mg Mn K P 

Native grass. 0.82 0.14 O.oai 1.92 0.04 

Hay. 0.82 0.18 0.003 1.61 0.08 


Note the big difference in the Mn content. 

After this general report on the soil conditions of the farm we 
shall now turn over attention to a more detailed study of a series 
of profiles. 

Profile series from limed to unlimed soiL 

The villages of Brännalt and Gunnared are separated by a stone 
fence a little over a meter wide at the base. Working on the as- 
sumption that this fence has been built on virgin soil a trench was 
dug through the fence and into the adjoining fields at a point near 
5 b in field III (see map fig. 1).. 

Six vertical series of samples were taken as indicated in the fol¬ 
lowing charts (fig. 3 etc.). Denoting the profile under the middle 
of the fence by zero, we have on the Brännalt side the headland 
profile at 70 cm, a field profile at 160 cm and another field profile 
at 350 cm. On the Gunnared side we have the headland profile, 
likewise at 70 cm, and a field profile at 200 cm. 

The headland grass vegetation consisted as good as exclusively 
of Agrostis stolonifera. On the Brännalt side there was some 
Bubus idaeus, on the Gunnared side there was nothing but grass. 
The field crop was a mixture of oats and barley on the Brännalt 
and oats on the Gunnared side. Samples of grass and oats were 
collected on the 8 th of August 1945, the day the trench was dug. 

Fig. 2 A shows the stone fence with Brännalt on the left side. 
The large beech trees beyond the grain field on the left side of 
the picture form part of the abo ve mentioned grove where sample 
9 was taken. The woods are seen in the background. Fig. 2 B 
shows a section of the trench on the Brännalt side. The decapitated 
Ag horizon is seen as a bleached layer under the 18 to 20 cm of cul- 
tivated soil. 

The soil samples were sifted through a 0.6 mm sieve and ana- 
lyzed with respect to organic matter (loss on ignition), pH, acid 
lactate soluble P 2 O 5 (Egnér et al 1938), and the exchangeable 






B. 

Fig. 2, A. Showing the sfcone fence between Brännalt (left) and Gunnared 
through which the trench was dug. 

B. Showing a section of the trench. Note the bleachod layer (Aj-horizon) under 

the cultivated layer. 
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Fig. 3. Chart showing tho per cent organic matter (loss on ignition) in the 
profile series. Tho series inclucio the original soil under the fence, the headlands 
and the cultivated fields. The Brännalt farm was heavily limed about 60 years ago. 


cations Oa, Mg, Mn and K, displaced by NH 4 CI. The K was deter- 
mined by the flame photometric method of Schuhknecht (1937), 
the PgOg by the photoelectric method of Soheel (1936), and the Mn, 
which was oxidized by periodate, was likewise determined photo- 
electrically. The pH was determined by the glass electrode, the 
soil in 1: 2.5 and the plant materials in 1: 20 suspensions. 

The plant analyses represent the total ash constituents. 

The results are shown in fig. 3 to 13. 

Organic matter (loss on ignition): The distribution of organic 
matter gives the following picture (fig. 3): 

1. In the upper layer it is highest under the fence, is slightly 
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lower on the Brännalt side, and is a good delal lower on the Gun- 
nared side. 

2 . There is a decided accumulation in the B-horizon on the Bränn- 
alt side and a less pronounced accumulation on the Gunnared side, 
both as compared the 0-profile. 

3. The accumulation under the Brännalt headland extends 
deeper than elsewhere. 

The latter phenomenon might be due to the dense growth of 
grass which is mostly left to decay. Grass is deep rooted. 

Tt might seem surprising that the heavely limed Brännalt field 
has maintained a comparatively high organic matter content. 
Apparently, the yearly contributions in the form of roots and 
stubble and of organic manure has, to a great extent, compensated 
for the decomposition. Then it must be remembered that our stan¬ 
dard of comparison, the 0-profile, has also suffered loss of organic 
matter by decomposition, and for this there has here been no com- 
pensation. 

The illuviation of organic. matter in the B-horizon is interesting. 
It shows that the decomposition by autoxidation of the sour humus, 
when this is limed, results in the formation of (ä-humus acidoids 
which are not precipitated by Ca, but are eluviated to the B-horizon, 
where they are precipitated by the sesquioxides at the lower pH 
prevailing there (Mattson and Andersson 1942). 

A special study of the influence of lime on the composition and 
properties of the humus in these profiles will*be published later. 

The organic matter is lower, and the ash content is higher in 
the Brännalt than in the Gunnared vegetation. 

The pH (fig. 4): The pH in the 0-profile is that of a podzolized 
soil and can only be very slightly, if at all, influenced by the liming. 
It shows the normal increase from the upper to the lower horizons. 
In the limed fields the gradient is the opposite, being highest in the 
cultivated layer. The Brännalt field and headland have much 
higher pH than those of Gunnared. 

Fig. 5 A, which compares the O-profile with the 3.5 meter Bränn¬ 
alt profile (B 3.5), shows how the liming has changed the pH gra¬ 
dient, It also shows to what depth (65 cm) the liming has affected 
the pH. The steep pH-gradient in the B-horizon shows that the 
diffusion of the exchangeable cations from a higher to a lower level 
of base saturation must be very slow. Assuming 60 years since 
the soil was limed, the average rate of diffusion in less than 1 cm 
per year. This is a surprisingly low figure since the downward dif¬ 
fusion must be assisted by the leaching. It seems probable, however, 
that the leaching has been greatly reduced by the cropping of the 
soil. The sigmoid form oi curve JB 3.5 points to a dominancy in leaching 
in the upper half and a dominancy in capillary rise in the lower 
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Fig. 4. Chart showing the pH in the profile series. See fig. 3. 


half of the profile. The form of the curve is undoubtedly also deter- 
mined by the high maximum in base binding capacity in the B- 
horizon (eomp. Ca content in fig. 5 B). 

It would have been interesting to determine exactly the hori- 
zontal pH gradient along the 50 cm streteh from the Brännalt 
headland, where the pH is high, to the center of the fence. It is 
planned to take a large number of samples in this seetion, and to 
chart the pH gradient in a later publication. 

Some authors seem to overemphasize the importance of dif- 
fusion of the exchangeable ions. If the growing point of the roots 
move about as far in a single season as the exchangeable ions in 
60 years it is the roots which go after the ions and not so much the 
ions which seek their way to the roots by diffusion. 

14 — 45441 Ktmgl. Lan^mkahögakolana Annaler Vol. 13 
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Fig. 5. A. Showing the pH gradient in the Virgin soil (O-profile in fig. 4) and 
in the cultivated Brännalt soil, 3.6 meters from the fence (3.5 meter profile in fig. 4), 
B. Showing the exchangeable Ca content in the same profiles as in A. 


The pH of the grass is in line with the pH of the soil, but the 
oat hay has the highest pH on the more acid Gnnnared soil. Apart 
from the qnestion of variety it must be recalled that the Brännalt 
oat was mixed with barley. 

The pH of the soil samples has also been determined in 1 n, KOI 
solution, but to save space we shall only give the difference: pH 
in water minus pH in n, KCl (Fig. 6). 

This difference shows a definite trend. In the O-profile it does 
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• 1.03 
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• .75 

• .63 
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• 1.09 


•.79 
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• .91 

•.70 


. 69 “ 

• .67 

• .96 

• .94 

•.85 

• .68 



Chart showing the difference; pH in water minus pH in n. KCl solution 
(s= exchange acidity). 8ee fig. 3. 


not exceed 0.80, except in the lowest sample. In the Gunnared 
headland profile, where the pH is also quite low, the difference 
is likewise low, except in the uppermost layer, where it is 1.03. 
None of these profiles show definite maxima in exchange acidity. 

Such maxima occur in the limed soils, not in the surface layer 
where the pH is highest, however, but at a depth where we meet 
with moderately high pH values. The maximum covers a thicker 
layer, lies deeper in the profile and occurs at somewhat higher pH 
in the Brännalt than in the Gunnared soil. 

The relationship is compicated but might be explained as follows: 

Theoretical considerations lead to the oonclusion that a salt 
must produce a maximum in exchange acidity at a certain pH 
above the point of exchange neutrality. At still heigher pH, where 
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Fig. 7. Chart showing the exchangeable Ca in tho soil and the total Ca in the 
planta in m. o./lOO g. Soe fig. 3. 


the soil approaches base saturation, the exchange acidity must 
again decrease. Mattson and Hou (1937) found this maximum for 
all samples from the Häggbygget podzol to lie about 2.5 to 3 pH 
units abo ve the points of ex(‘hange neutrality. 

But the magnitude of the exchange acidity of a soil sample in 
n. KCl solution is not alone governed by the pH. It is greatly 
influenced by the original salt content of the soil. Since the salt 
effect is relatively much greater in low concentrations it is clear 
that the pH in water of a soil high in electrolytes will be lower 
than that of the same soil in the leached condition, and that the 
exchange acidity produced by the addition of KCl will be smaller 
the higher the original salt content of the soil. 

It is a combination of these factors which determine the exchange 
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acidities in fig. 6. In the surface soil there is a higher salt content, 
the suppression of the pH by KCl is thereforo smaller. In the Gun- 
nared field the pH is lower, the maximum in exchange acidity 
occurs therefore nearer the surface. But in the surface layer the 
salt content is relatively high and the KCl effect is correspondingly 
smaller. Hence the maximum on the Gunnared side occurs at a 
lower pH. 

The four samples of vegetation all yield an exchange alkalinity 
in KCl solution. 

Ca-content (fig. 7): The Ca distribution is in line with the pH. 
The Ca content is very low under the fence, indicationg little or 
no influence by the liming. In the cultivated soil the Ca is much 
higher and has penetrated much deeper on the Brännalt side of 
fence. It is obvious that the Brännalt farm has been very heavily 
limed. 

Unlike the pH the Ca shows a maximum in the B-horizon on 
the Brännalt side. This corresponds to the maximum in humus 
accuinulation, and is and expression of the high base binding ca- 
pacity of the humus acidoid. This maximum in Ca in the B-horizon 
as well as the maximum penteration of the Ca in the soil is beauti- 
fully brought out in fig. 5 B. 

The Ca seems to have penetrated somewhat deeper in the Brännalt 
headland. It is probable that the leaching is here greater as a re- 
sult of the snow which usually collects along such fences. 

The Brännalt grass has a mu(*h higher Ca content than that of 
the Gunnared side, whereas the two samples of oat hay do not differ 
so much in C'a. 

Mg content (fig. 8): The Mg is very low in all profiles but is a little 
higher on the Brännalt side of the fence where it also shows a maxi¬ 
mum in the B-horizon, as in the case of Ca. Apparently the marl 
has contained a certain amount of Mg because the increase in this 
element is greater than can be accounted for by the amounts applied 
with the iiotash and other fertilizers. 

The Mg is slightly higher in the Brännalt vegetation. 

Mn content (fig. 9): The exchangeable Mn content is highest in 
the upper layer of the O-profile and in the relatively acid Gun¬ 
nared soil. But it is also fairly high in the Brännalt headland despite 
the high pH. The grass, which is rich in Mn, is apparently here 
responsible for the high content of the active form of the element. 

In the cropped and heavily limed field on the Brännalt side the 
amount of exchangeable Mn is very low. 

Kote that the Mn content in the vegetation is much higher on 
acid Gunnared soil ( cf. Mc Mubteey and Bobinson 1939). 

It is planned to make a special study of the different forms in 
which Mn occurs in these profiles. 

K content (fig. 10); Like Mg, the exchangeable K is e very where 
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Fig. 8. Chart showing the exchangeable Mg in the soil and the total Mg in the 
planta in m. e./lOO g. See fig. 3. 


low. It is a little higher in the cnltivated fields, both in the surface 
and in the subsoil, than under the fence. In the surface layer the 
K is highest in the Brännalt headland and lowest in the Gunnared 
headland. In agreement with this the Brännalt grass is also much 
higher in K. But this is also true of the Brännalt oat hay, although 
in the latter case the difference in soil K is small. There is some 
evidence that the K applied in fertilizers has been washed down 
into the subsoil. 

P 2 O 5 iionUnX (fig. 11): The Brännalt field and headland show a 
fair supply of acid lactate soluble P 2 O 5 , whereas the Gunnared field 
is in an extremely depleted condition with respect to this nu- 
trient, the quantities being here much lower than in the unculti- 
tivated soil under the fence. Since the pH is higher on the Gunnared 
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Fig. 9. Chart showing the exchangeable Mn in the soil and the total Mn in the 
planta in m.e./lOO g. See fig. 3. 


side than in the Virgin soil this cannot be ascribed to a fixation of 
the phosphorus by the sesquioxides, but must be the result of a 
failure to supply the quantities removed by the crops. 

The depletion of the Gunnared soil reflects itself in the compo- 
sition of the oat hay which contains less than half as much P 2 O 5 
as the Brännalt hay. 

Here also it is our purpose to make a special study of the dif- 
ferent forms of the element in the profile series. 

Caj Mg and CafK ratios (fig. 12 and 13): These ratios, especially 
the Ca/K ratios, ha ve been greatly widened in the heavily limed 
Brännalt soil, and to a lesser extent in the Gunnared soil. 

It should be born in mind that these ratios are equivalence ratios 
(mass ratios) of total exchangeable cations, and may be very dif- 
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Fig. 10. Chart showing the exchangeable K in the soil and the total K in tho 
plants ill m. e./lOO g. See fig. 3. 

ferent from the activity ratios which are the only important ratios 
from the point of view of ion antagonism and plant nutrition. 

In the case of ions with the same valence the two ratios should 
not differ so much, although even here the lyotropic effect will cause 
some deviation. The activity coefficient of the adsorbed Ca ions 
is lower than that of the Mg ions, and relatively more Ca than Mg 
will be adsorbed. The activity ratio, aca/ang, should therefore be 
smaller in both the micellar and in the outside solution than the 
mass ratio found by analysis. 

In the case of the Ca/K ratio the deviation must be much greater 
In the first place the valence effect will cause relatively much 
more Ca than K to be adsorbed, especially from a dilute outside 
solution (Donnan equilibrium, cf, Mattson 1944). In the second 
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Fig, 11. Chart showing the acid laotate-soluble P 2 O 5 in tho soil and the total 
PgOg in the plants in milligrams/100 g. See fig. 3. 


plac© the activity coefficient of the divalent Ca ions will suffer a 
far greater suppression than that of the K ions, especially in the 
relatively concentrated niicellar solution. Hence the Ca/K activity 
ratioB ought to be much smaller than tho mass ratios found by 
analysis. 

Marshall (1942) fonnd a Ca/K activity ratio of only 0.15 in a 
system in which the molar ratio was 1.5. 

While Ca/K mass ratios such as those found in the Brännalt soil 
would exhibit strong antagonism in water cultures (Burström 
1934, Lundegårdh 1945) this may not necessarily be evident in a 
soil, especially if the exchange capacity and the base saturation 
is high, in which case the relative suppression of the activity co¬ 
efficient of the divalent ions will be greater. 
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Fig. 12. Chart showing the Ca/Mg ratios in soil and plants. See fig. 7 and 8. 


While this applies to high Ca/K mass ratios the opposite would 
be expected to apply to high K/Ca mass ratios. Plants might be 
expected to be more tolerant to a high K/Ca mass ratio in a water 
culture than in a soil in which the activity ratio would be widened 
through a relatively greater adsorption and a greater suppression 
of the activity coefficient of the divalent cations. This principle 
is of importance in alkali soils, 

Whatever the actual activity ratios of Ca to the other ions may 
be, and whatever their effect on the nutrition of the plants, it is 
clear that a heavy liming of strongly leached soils leads to very 
great disproportions and to a disturbed physiological balance be- 
tween the ions. This applies to an even greater degree to some 
of the minor elements which, in addition to an extensive depletion 
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Fig. 13. Chart showing the Ca/K ratios in soil and planta. Seo fig. 7 and 10, 


by leaching, are rendered higbly insoluble by the lime and are 
usually not, like the common nutrients, supplied to the soil in the 
form of fertilizers. There is reason to believe that not only Mn bnt 
also Cu, and probably Fe, are very inactive in snch soils. 

The above mentioned bad spot on field III (where the trench 
was dug), which has so stubbomly refused to respond to fertilizer 
treatment, finds an explanation in the morphology of the soil in 
this place. The cultivated layer consists here of the original Aq 
and Aj-horizons together with a part of the decapitated A 2 -horizon. 
All of this material belongs to the eluviated part of the soil. The 
plow has here never turned over any of the illuviated material in 
the B-horizon. This material consists of sesquioxides and small 
amounts of various heavy metals which, in combination with the 
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p-huinus acidoids, liave been removed from tlie A-horizon and iso- 
electrically precipitated in the B-horizon. On a plot in field III 
some of this material is now plowed up in order to find ont what 
effect this will have on fertility. 

While experience speaks against heavy liming of acid soils, there 
are soils which must be limed to be productive. It is always ha* 
zardous to prescribe the amount of lime that should profitably be 
applied. It is easier to define the minimum amounts of lime which 
must be applied to neutralize the detrirnental effects of the acidity. 
To do this it is neccssary to distinguish between two different groups 
of acid soils: 

1 . Soils whose acidity is a function of the accumulation of acids. 
This acidity is mostly due to H 2 SO 4 which is produced by the oxi¬ 
dation of sulphides or organic sulphur. Such soils generally contain 
toxic concentrations of Al and Mn, and, if the drainage is poor, also fer- 
rous ions. Such soils must be limed to neutralize all strong acids. 

2 . Soils whose acidity is a function of the degree of leaching and 
unsaturation with bases. The acidity of such soils is related to the 
acidoid/basoid activity ratio (i. e., to the isoelectrki i)oini) and is 
apparently by itself ne ver toxic to plant s. Chlorides and other 
neutral salt fertilizers may develope a toxic condition through the 
exchange acidity which thcy give rise to. The pH at which 
toxic concentrations of Al and Mn are established is higher the 
higher the isoelectric point of the soil complex. Thus the toxicity 
extends to higher pH in red soils than in gray soils, and higher in 
the latter than in humus soils (Mattson and Hester 1933). B ut 
this is compensated for by the fact that a leached red carth never 
gets as acid as a leached gray soil, and the latter never as acid as 
a leached humus soil: A leaching of the amphoteric. soil displaces 
the pH toward the isoelectric point. 

To counteract the exchange acidity, even in the most unsaturated 
soil, it is theoretically more than sufficient to add an amount of 
lime, or other basic material, which is chemically equivalent to 
the amounts of neutral salts added as fertilizers. 

It might seern stränge that a farmer who, despite the overlimed 
condition of the soil, has succeeded in raising better crops than his 
neighbours, should have more troublc with the health of his animals. 
But the writer cannot free himself from the suspicion that it is just 
these bigger crops, achieved by the »complete» (KPN) fertilizer 
practice, which have aggravated the deficiencies originally caused 
by the overliming. A deficiency in the soil will naturally cause 
a greater deficiency in the plant (and in the animals) the greater 
the production. Smaller crops together with native pasture would 
probably have kept the animals in better health on this particular 
farm. 

Agricultural production has reached a high level. In the future 
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the main problem will be a fertilizer practice which provides our 
plants and aninials (and ourselves) with a physiological balanced 
mineral nutrition. 


Summary* 

The composition of soil and plants liave been studied on a farm 
whieh was excessively limed about 60 years ago. Deficiency di- 
seases of (»rops and animals liave caused serious trouble for many 
years. 

Samples of soil and vegetation were collected from the fields and 
from uneultivated ground. A trench was dug through the virgin 
soil under a stone fenee into the adjoining headlands and cultivated 
fields, and profile series of samples were collected. The field of the 
adjoining farm into whieh the trench was dug has been limed slightly. 
The original soil is podzolized. 

The heavily limed soil shows the following characteristics when 
compared to the virgin soil. 

1. Organic matter (P-humus formed by autoxidation) has been 
earried down into the B-horizon. This eluviation is greatest under 
the headland grass. 

2 . The pH decreases rapidly with the depth (in the virgin soil 
the pll increases), the gradient being very steep in the B-horizon. 
At about 65 vm the pH is unaffected by the liming. 

3. The maximum penetration of the Ca is about 65 cm, which, 
after allowing for the depth to which the Ca was brought by (‘.ul- 
tivation (20 cm), is less than 1 cm per year. 

4. The excbangeable Mn has been greatly reduced by the lime. 
Hay grown on the limed soil contains much less Mn than the grass 
grown on the uneultivated podzol. 

5. The Ca/Mg and Oa/K mass ratios of exchangeable ions have 
become very wide. The relationship between mass and activity 
ratios is diseussed. 

The results are shown in the form of pedographic charts. 
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Practical Value of Miscolored Clover Seeds. 

By EWERT ABERG. 

(From the Inatitute of Crop Production.) 


Introduction. 

Color and practical value of clover seed was discussed in a pre- 
liminary report by Osvald and Åberg in 1941. The investigation, 
then reported on, was continued from 1940 to 1946. Because of 
the difficulties with help during this period some of the series 
of the investigation could not be carried through according to 
the original plans, nevertheless the results are such that they 
will be presented in final form in this paper. The experiments were 
made possible through the help of students at the Eoyal Agricul- 
tural College who carried out the routine work by separating the 
seed samples into color fractions and by determining the germination 
of these color fractions. There ha ve been several students working 
on this investigation from 1937 to 1946. The writer is indebted to 
every one of them for their painstaking work with the routine de- 
terminations. 

In 1941 Osv ALD and Åberg discussed the scale that is generally 
used in Sweden for classifying samples at seed exhibitions. It was 
then emphasized that a number of the points used in the scale are 
not based on exact determinations of the seed sample quality but 
rather on estimation with help of the sample appearance. The latter 
is true for the determination of seed color and a few other characters. 
Seed color is judged by giving five points to the best colored seed 
sample and one point to the poorest colored one. It was discussed 
in 1941, whether it is possible to make a correct gradation by using 
only estimation of the color. Samples of red, alsike and white clover 
were studied from 1937 to 1939 and on basis of the results from 
these studies it was concluded that the percentage of brown seeds 
in the clover samples should be determined exactly because such an 
information would make it possible to arrive at a more nearly cor¬ 
rect color point in the scale for judging seed exhibitions. The ex¬ 
periments from 1940 to 1946 followed the same experimental plans 
as the ones reported on in 1941. 
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Investigations and discussions. 

A number of samples were separated into fractions with brown 
seeds and fractions with yellow and purple ones. The germination 
of the brown seeds was compared with the germination of the yellow 
and purple seeds and of the sample as a whole. This determination 
was made about one half year after the harvest. On some of the 
samples no more determinations were made, on others germination 
tests were made again after one, two or three years of storage. In 
table 1 are found the germination perccntages of those samples that 
were only tested once. 

The variation in the germination figures in table 1 is very evident. 
The germination figures for the brown seeds are on the average lower 
than for the yellow and purple ones^. This is shown by the means 
being 63.23 + 5.69 for the brown seeds and 78.82 + 2.09 for the normal 
ones. The mean error is considerably higher for the brown seeds 
than for the other groups. The variation is also illustrated by the 
actual germination figures in the table. The brown seeds in sample 
24 had, for example, a germination perccntage of only 10 percent 
against 77,2 for the normal ones while the brown seeds in sample 
22 germinated 76 percent against 73 for the normal seeds. The re¬ 
lation between the germination figures of the seed fractions and the 
color points given to the samples at the seed exhibitions might also 
be of interest. Although the number of samples within each color 
group are different a comparison will be made and is found in the 
following table. 


Table 2. Relation between color points and germination jigures of 

samples in table 1. 


Crops 

Color 

points 

No. of 
samples 

Germination percentages 

Whole sample 

Yellow and 
purple seeds 

Brown sceds 

Red Clover 

5 

1 

79.3 

73.8 

68.4 


4 

9 

75.07 + 2.24 

79.59 + 2.20 

63.53 + 6.20 


3 

11 

77.93+1.89 

81.71 + 1.61 

66.85 + 6.87 


2 

4 

64.85 + 0.95 

72.50+1.18 

51.03 + 9.03 

Ahike Clover 

4 

2 1 

84.4 +4.74 

83.45 + 3.38 

67.45 + 4.27 

White Clover 

5 

1 1 

79.0 

80.8 

79.6 


4 

2 

66.25 + 0.00 

69.0 +1.05 

66.85 + 1.70 


^ In the following this fraction is called »normal». 
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Table 1. Oermination of seeds of red^ alsike and wMte clover one 
half year after the harvest. 


Sample 

numbers 

Sample num¬ 
bers at the ex- 
hibition' 

Color 

points 

Oermination percentages 

Whole 

sample 

Yellow and 
purple seods 

Brown seeds 

Red Clover. 





1 

M 168 (39) 

5 

79.3 

73.8 

68.4 

2 

M 48 (39) 

4 

65.3 

70.1 

44.6 

3 

L 75 (41) 

4 

75.0 

76.0 

38.0 

4 

U 147 (41) 

4 

73.1 

74.4 

71.7 

5 

U 162 (41) 

4 

83.8 

87.0 

83.8 

6 

U 179 (41) 

4 

79.0 

82.5 

82.0 

7 

M 19 (44) 

4 

80.7 

81.2 

77.5 

8 

L 217 (45) 

4 

64.5 

70.4 

49.0 

9 

M 8 (44) 

4- 

81.8 

89.3 

62.2 

10 

H 41 (43) 

3 + 

80.5 

85.4 

62.2 

11 

M 99 (44) 

3 

73.6 

77.9 

70.8 

12 

K 38 (39) 

3 

84.0 

91.4 

71.8 

13 

M 158 (39) 

3 

73.0 

83.0 

75.0 

14 

M 175 (39) 

3 

67.3 

75.0 

69.8 

15 

U 121 (41) 

3 

88.6 

85.3 

83.6 

16 

U 159 (41) 

I 3 

74.8 

75.6 

61.6 

17 

U 172 (41) 

3 

77.1 

80.2 

79.8 

18 

L 190 (41) 

3 

80.6 

86.0 

74.5 

19 

L 218 (41) 

3 

77.9 

1 78.4 

18.0 

20 

H 172 (43) 

3 

82.3 

86.1 

47.1 

21 

M 5 (44) 

3 

77.1 

79.0 

72.3 

22 

M 133 (39) 

2 

69.0 

73.0 

76.0 

23 

M 185 (39) 

2 

61.6 

71.7 

61.5 

24 

H 9 (43) 

2 

64.1 

77.2 

10.0 

25 

H 133 (43) 

2 

64.7 

, 68.1 i 

56.6 

Alsike 

Clover. 





26 

1 L 247 (41) 

1 ^ 

1 95.0 

1 91.0 1 

77.0 

27 

1 L 252 (41) 

1 4 

73.8 

1 75.9 1 

57.9 

White 

Clover. 





28 

1 M 174 (44) 

5 

1 79.0 

80.8 

79.6 

, 29 

Ö 150 (42) 

4 

1 66.2 

67.2 

60.8 

30 

1 ö 162 (42) 

4 

1 66.5 

70.8 

52.9 


Means 


75.35 

78.82 

63.23 




±2.56 

±2.09 

± 5.69 


^ The abbreviations here and in the following refer to the seed exhibitions 
and the years these were held as follows: L (38) " Linköping 1938; K (39) ™ 
Karlstad 1939; V (39) = Uppsala 1939; M (39) = Malmö 1939; U (41) = Upp- 
sala 1941; L (41) = Linköping 1941; Ö (42) = Örebro 1942; H (43) == Halmstad 
1943; U (43) == Uppsala 1943; M (44) = Malmö 1944; L (45) = Linköping 1945. 


16 — 45441 Kungl. Lanthrukahögaholans Annaler. Vol. 13 







Table 3. Germination of red clover seeä of different color and age. 
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Table 4. Germination of alsike dover seed of different color and age. 
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Table 5. Germination of wMte clover seed of different color and age. 
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Also from table 2 it is clear that the germination percentages for 
the brown seeds vary rnore than those of the normal ones. There 
seems to be only light differences in this respect between samples 
with different color points. Possibly the red clover samples with a 
color point of 2 vary more than any of the others but the figures are 
based on only four samples and therefore they should not be accepted 
until confirmed by more observations of the same kind. The ger¬ 
mination percentages for the brown seeds are not very different in 
the samples with high color points and in the ones with low. This 
is true also for the normal seeds. In fact in this group the germi¬ 
nation percentages are such that it is not possible to say that a 
sample with a high color point has a higher germination percentage 
for the normal seeds than a sample with a low color point. 

In tables 1 and 2 it was shown that there are differences and va¬ 
riations in the germination percentages of brown seeds and normal 
seeds the winter following the harvest. Already in 1941 Osvald 
and ÅBEBG gave results indicating that the germination of brown 
seeds is likely to decrease faster than the germination of normal 
seeds. In table 3 the results for red clover from the period 1940 to 
1946 are presented. In that table there are several examples on how 
the germination percentages of brown seeds decrease very rapidly. 
Por example the germination of the brown seeds in sample 1 
was 68.1 percent six months after the harvest bub only 5.1 percent 
30 months alter the harvest. The normal seeds in the same 
sample germinated 77.8 percent after six months and 74.1 percent 
after 30 months. For sample 14 the corresponding figures are 
67.5 and 1.4 for the brown seeds and 75.4 and 51.6 for the normal 
ones. As a contrast the figures for sample ’ 38 are given. There 
the brown seeds germinated 90.2 and 86.4 resp. and the normal 
ones 90.2 and 90.4 resp. Similar results can be pointed out for alsike 
clover and white clover in tables 4 and 5. The means for the dif¬ 
ferent series in tables 3, 4, and 5 show very clearly that on the average 
the brown seeds have a lower germination than the normal seeds 
already the year after the harvest. Furthermore they confirm 
earlier statements in this paper that the germination of the brown 
seeds decreases much more rapidly during storage than the germina¬ 
tion of the normal ones. A grouping according to color points of 
the average germination figures for the samples in tables 3, 4, and 
5 would be as is shown in table 6. 

In table 6 it is found that the mean errors in most cases are larger 
for the brown seeds than for the normal ones. Also it is shown that 
the mean errors become larger as the storage period increases. 
There is very little difference in the table between the germination 
of normal seeds from different color groups. For example half a 
year after the harvest the outer limits for the germination figures of 
normal seeds were 70.32 percent and 84.30 percent. It should then 



Table 6. Relation between color points and germinaiion figures of the sarnpUs in tahles 3, 4, and 5. 
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Brown 

seeds 

47.50 

38.65 

±11.61 

9.00 

47.60 

65.80 
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\ 1 
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^ -2 * 

fäll 

72.10 

48.25 
±4.14 
50.00 

71.20 

70.10 
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1 1 
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1 i 

64.70 

47.85 

±5.75 

38.00 

72.80 

67.10 
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1 1 


CO 

Jb 

1 ^ ^ 

- - 1 1 

1 

1 1 


1 

fe 

Brown 

seeds 

44.88 

±9.35 

43.11 

±8.34 

54.03 

±4.79 

31.15 

±9.14 

47.18 
±7.11 
45.10 
± 5.31 
22.63 
±6.39 
5.80 

59.57 

±3.16 

52.00 

70.70 


years after hai 

Yellow 

and 

purple 

see^ 

74.56 
± 1.70 
72.71 
±3.49 
74.53 
±3.63 
64.90 
±2.28 
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77.06 
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68.60 
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seeds 
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±3.66 


1 

ii 

r-lOQ0«0>O«HO«0 
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eåc^(N<Nu:3eoöc4 

76.91 
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82.00 
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±1.23 
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^ The figures in the column do not always repiesent the same number of samples» given in the preceeding colunm, as is evident 
from tables 3, 4, and 6. 
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be especially pointed out that tbe lowest figure was recorded for 
the white clover samples with the color point 5 and the highest one 
from the white clover samples with the color point 3. Af ter 2 
years of storage the lowest figure for normal seeds was 51.64 per¬ 
cent recorded for the alsike clover samples with a color point of 
3 and the highest one was 82.3 found for the sample of white clover 
with a color point of 3. The next to the highest one was 77.06 found 
for the alsike clover samples with a color point of 4. Judged from 
the results with normal seeds it can therefore hardly be said that 
the color points, as given at the exhibitions, really indicate the 
actual value of the seed samples as the latter one undoubtedly is 
best expressed by the number of plants the samples can produce 
per acre. The dull color of all the seeds in the samples that often 
causes a low color point at the seed exhibitions seems to have very 
little influence on the germination and it is quite unimportant if 
the germination is determined immediately or after a couple of 
years of storage. More important than the dull color is the per- 
centage of brown seeds as the germination of these seeds is poorer 
than of the normal ones and decreases faster. This is evident from 
table 6. For the brown seeds there was half-a-year after the harvest 
a difference in germination of 13.44 percent between the color group 
with the lowest germination (=62.06) and the color group with 
the highest (= 75.50). The first one is found in the alsike clover 
samples with a color point of 4, the last one in the white clover 
samples with a color point of 3. Two and a half years after the 
harvest the difference was 36.94 percent if color groups of more 
than one sample are compared. The lowest one is then 22.63 percent 
for alsike clover with a color point of 3 and the highest one 59.57 
percent for white clover with a color point of 5. The alsike clover 
with a color point of 2 is at that stage represented only by one sample 
that germinated 5.8 percent, the alsike clover with a color point 
of 3 is likewise represented only by one sample, that, however, 
germinated 70,7 percent. This makes a difference between these 
two samples of 64.9 percent. It is evident from these figures that the 
important part to consider in connection with the gradation accord- 
ing to color is the percentage of brown seeds as they are the ones 
that cause the decrease of the value of the sample, particularly 
where the seed has to be stored before sold and seeded. 

It will be noticed in tables 3, 4, and 5 that the germination fi¬ 
gures for a sample are quite different from one year to another. 
The most likely development would be that the germination of 
a seed sample should be lower the longer it is stored. Julén (1943) 
has also shown this to generally be the case. However, in the samples 
in tables 3, 4, and 5 it is often found that the germination is higher 
18 months after the harvest than 6 months after. This is the case 
for samples 7,19, and 35 of red clover, for sample 4 of alsike clover, 
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and for sample 6 of white clover. The details of the germination 
reports for these samples reveal that the difference in germination 
figures from one year to the next depends on the percentages of 
aUve, but not germinated, seeds. According to Swedish regulations 
these seeds will be included only with two thirds of their numbers 
in the final figure for germination while they would ha ve been in¬ 
cluded with the entire numbers, had they sprouted. In table 7 the 
details for the five mentioned samples are given as examples on what 
can be the cause for such differences as are found in the three above 
mentioned tables. 

The percentage of hard seeds will ha ve a minor influence on the 
germination figures as the percentage of hard seeds seems to gra- 
dually get lower the longer the samples are stored. In the germi¬ 
nation investigations it was also interesting to find, in regard to 
the hard sceds, that the percentage of hard seeds in the different 
color fractions varies but it varies not only with the color fractions 
but also with the samples. The three samples in table 8 will illu¬ 
strate the variations. 

As can be seen the percentage of hard seeds in the brown colored 
fraction might be similar to or it might be higher or lower than the 
hard seed percentages in the normal seed fractions. There is no 
regularity at all. It is also found in the table that the number of 
hard seeds varies very little from a test 6 months after the harvest 
or from one 18 months after the harvest timo. 

The germination percentages of the brown seeds was shown above 
to be lower than the one of the normal ones. The importance of 
the brown seeds for evaluating the seed samples at a seed exhibition 
was discussed. It was also mentioned that the percentage of brown 
seeds is rnore important than the dull color that might be found 
on the sample as a whole. And it was pointed out that the per¬ 
centage of brown seeds should be given more consideration. In the 
material reported on by Osvald and Åbeeö (1941) it was shown that 
there was very little relationships between the color points and the 
percentage of brown seeds. This is again emphasized by the results in 
table 9. There it is found that red clover samples with a color point 
of 3 might have as few as 5.1 percent brown seeds but as many as 
70.0 percent. Samples with a color point of 4 might have 4.0 per¬ 
cent brown seeds or as many as 40.0 percent. 

As was suggested in 1941 it seems desirable that the color value 
of a sample should be determined not on the basis of appearance 
of the sample but rather on exact determinations of the brown seeds. 
These could be made by separating the brown seeds from the yel- 
low and purple ones at the time of the purity analyses. Osvald 
and ÅBERG suggested in 1941 that the five color points could be 
added to the 16 germination points that exist in the scale (Witte 
1932). The maximum score for germination would than be 20 points. 



Table 7. Oennination percentages for five samples of redj alsike and white elover. 
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Sample numbers refer to the numbers used in tables 3, 4, and 5. 
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Table 9. Relation hetween color points and pereentage of differently 

colored seeds. 


Cropa 


IRed Clover 


lAlsike ClotJerl 


Sample 

iiumbers 

Sample numbers 
at seed ex- 
hi bition 

Color 

points 

Percontages 

Yellow and 
purplo seeds 

Brown 

seeds 

l 

M 5 (39) 

5 

98.7 

1.3 

2 

M 162 (39) 

5 

97.5 

2.1 

3 

M 168 (39) 

5 

93.2 

6.8 

4 

L 14 (41) 

5- 

80.0 

20.0 

6 

M 48 (39) 

4 

96.0 

4.0 

6 

M 64 (39) 

4 

9J.2 

8.8 

7 

L 31 (41) 

4 

60.0 

40.0 

8 

L 93 (41) 

4 

82.8 

17.2 

9 

L 114 (41) 

4 

78.8 

21.2 

10 

L 130 (41) 

4 

85.8 

14.2 

11 

K 38 (39) 

3 

94.1 

5.0 

12 

M 51 (39) 

3 

88.0 

11.1 

13 

M 157 (39) 

3 

72.4 

27.6 

14 

M 158 (39) 

3 

91.0 

9.0 

15 

M 175 (39) 

3 

90.0 

9.4 

16 

U 121 (41) 

3 

81.4 

18.6 

17 

U 135 (41) 

3 

77.3 

22.7 

18 

U 171 (41) 

3 

88.1 

21.0 

19 

U 172 (41) 

3 

63.8 

36.2 

20 

L 13 (41) 

3 

71.0 

29.0 

21 

L 30 (41) 

3 

62.5 

37.5 

22 

L 159 (41) 

3 

30.0 

70.O 

23 

L 219 (41) 

3 

63.2 

36.8 

24 

L 225 (41) 

3 + 

79.0 

21.0 

25 

Ö 22 (42) 

3 

85.2 

14.8 

26 

L 1 (45) 

3 

76.7 

23.3 

27 

L 44 (45) 

3 

94.0 

5.1 

28 

M 185 (39) 

2 

59.0 

41.0 

29 

M 210 (39) 

5 

93.7 

6.3 

30 

M 219 (39) 

5 ~ 

93.0 

6.1 

31 

M 220 (39) 

5- 

93.8 

6.2 

32 

M 202 (39) 

4 

84.6 

15.4 

33 

M 203 (39) 

4 

91.0 

9.1 

34 

M 205 (39) 

4 

94.4 

5.6 

35 

M 213 (39) 

4 

88.8 

11.2 

36 

U 184 (41) 

4 

99.0 

1.0 

37 

U 193 (41) 

4 

94.3 

5.7 

38 

L 252 (41) 

4 

99.0 

1.0 

39 

M 217 (39) 

3 

95.0 

5.0 

40 

L 260 (39) 

31 

93.5 

6.5 

41 

Ö 143 (42) 

5 

68.1 

31.0 

42 

L 272 (41) 

4-h 

38.2 

61.8 

43 

Ö 150 (42) 

4 

45.0 

55.0 

44 

1 U 150 (41) 

3 

73.5 

26.5 

45 

L 275 (41) 

3 

48.5 

51.5 

46 

L 279 (41) 

3 

58.5 

41.5 


White Clover 
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To get this maximum score not more than 10 percent brown seeds 
should be allowed and for every following ten percent of brown 
seeds the total number of points given for other qualities than color 
should be reduced by one point. 

Beside this suggestion the following is made. The 15 germination 
points are kept as in the present scale and the 5 color points of the 
scale are based on the exact determinations of the percentage of 
brown seeds. Samples with less than 10 percent of brown seeds 
receive the color point 5, those with 10 to 20 are given 4, 20 to 30 
means 3, 30 to 40 corresponds to 2 and samples with more than 40 
pcrcent are given a color point of 1. 


Summary. 

Investigations on the relation between the color of clover samples 
and the germination of seed samples are reported on. In Sweden 
clover samples are at the seed exhibitions graded for color accord- 
ing to a scale of 5 points. It is shown in the present paper that 
such a gradation if made by estimation is not sufficient to express 
the influence of the color of a clover sample on its practical use. It 
is necessary to determine exactly the percentage of brown seeds 
in the sami)le as these are the ones that cause the dcerease in the 
germination of the samples and the ones that lose their germination 
earlier during the storage than the yellow and purple seeds. A sug¬ 
gestion to a new principle for evaluating the seed samples for color 
at the seed exhibitions is made. 

Tlie influence of alive, but not germinated seeds, and of hard 
seeds on the germination i)ereentages at different stages of storage 
is diseussed. The variations in the percentage of hard seeds in the 
brown colored fraetions and the yellow and purple colored fraetion 
is diseussed. 


Sammanfattning. 

De undersökningar, som diskuteras i denna uppsats, röra sam¬ 
bandet mellan färgen och grobarheten hos klöverfröprover. I Sverige 
graderas fröprover av klöver enligt en 5-gradig skala för färg. Det 
påvisas i uppsatsen, att en sådan gradering, som göres efter ytlig 
besiktning, ej är tillräcklig för att verkligen ge uttryck åt färgens 
inflytande på klöverfröprovets värde för praktiskt bruk. Det är 
nödvändigt att exakt bestämma procentantalet bruna frön i provet. 
Dessa frön förorsaka nämligen i de flesta fall en nedsättning av 
grobarheten hos provet och de förlora snabbare än de gula och 
violetta fröna sin grobarhet under förvaringsperioden. 

Följande förslag till nya principer för värdesättning av ett klö- 
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verfröprov efter färgen framlägges. De 15 poäng för grobarhet, 
som ingå i den nuvarande bedömningsskalan, bibehålies och de 5 
poängen för färg grundas på exakta bestämningar av procenttalet 
bruna frön. Prover med mindre än 10 procent bruna frön få färg¬ 
poängen 5. För 10-20 procent bruna frön sättes poängsiffran till 
4, för 20-30 till 3, för 30-40 till 2 och för mera än 40 procent till 1. 

Inverkan av friska, ej grodda frön, och hårda frön på grobar- 
hetssiffrorna vid oUka stadier av förvaringen av fröprover disku¬ 
teras. Variationerna i procentantalet hårda frön i den brunfärgade 
gruppen jämföras med procentantalet hårda frön i den gula och 
violett färgade gruppen. 


Literature. 

JuLÉN, Gösta 1943. Förändring av grobarheten hos vall bal j växternas frön 
vid lagring. — Svensk Frötidning, Arg. 12, s. 16. 

OsvALD, Hugo, and Aberg, Ewert, 1941. Colour and Practieal Value of 
Clover Seed. —■ The Annals of the Agrie. Coll. Coll. 9, p. 74. 
WiTTE, H., 1932. Handledning vid bedömning av utsädesutställningar. — 
Sv. Utsädesf. Tidskr., Arg. 42, s. 363. 


MS. received May 16th, 1946. 
Printed August 27th, 1946. 



THE ANN ALS OF THE ROY AL AGRICULTURAL COLLEGE OF SWEDEN 

Vol. 13. 


Effects of Light and Temperature on the Ascorbic 
Acid Content of Green Plants.^ 

By BÖRJE ÅBERG. 

{From Ihe Iriatitute of Plant Phyaiology.) 


Contents. 


1. Introduction. 239 

2. Bxperimental. 240 

3. Effect of light quality. 244 

4. Effect of light intensity. 248 

5. Effect of light duration. 259 

6. Effect of temperature. 262 

7. General discussion. 263 

8. Summary. 268 

9. Literature cited. 269 


1. Introduction. 

Even before the isolation and Chemical Identification of vitamin 
O, its possible relations to light had become the object of scientific 
research. In analogy with the facts known from vitamin D an effect 
of ultraviolet light upon the vitamin C content of the animal body 
or of germinating plants was sought for, but could not be detected 
(Eggleton & Harbis 1925, Heller 1928). 

As the formation of vitamin C in germinating seeds was already 
known, the obvious next step was to investigate the influence of 
ordinary light upon that process. At first the results were conflicting. 
Some workers reported negative or no effect (Eggleton & Harris 
1925 and Bogart & Hughes 1935 for oats; Virtanen & Eerola 

^ This study ijs a part of an investigation into tho uae of artificial light in plant 
cultivation, supported by the Technical Research Council of the Swedish State. 
The illumination equipment was placed at my disposal by AB Osram-Elektraverken, 
Stockholm. 
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1936 for peas) while others found positive effects (Hellee 1928 
for corn and wtieat, Matsuoka 1932 IV~V1 and 1935 VII for rice, 
Veselkine et al. 1934 b for barley, Lee & Eead 1936 for soy bean, 
Eeid 1938 for cowpea, and Sugawaea 1939 I for pea, spinach etc.). 
Later it became elearly evident that light has a profound influence 
on the ascorbic acid content of green plants, and, moreover, that it 
is the chief environmental factor concerned. Under the circum- 
stances a thorough knowledge of these light effects is important, 
not only for the j)roduction of vegetables and fruits with a high vi¬ 
tamin valne, but also as a starting point for further studies of ascorbic 
acid metabolism from a thcoretical point of view. 


2 . Experimental. 

Materials. In most experiments young tomato plants (Lycoper’ 
sicum eseulentum Mill., var. Kondines Eed) were used, in some cases 
also kale plants (Brassica oleracea acephala, var. »Weibullsholm 
Halvhög»). The seedlings were reared in the usual way and trans- 
planted to clay pots containing soil, one plant to each pot. The dia¬ 
meter and height of the pots were ca. 10 cm, and the soil volume ca. 
250 ml. They were set in glazed clay basins, and once a day the 
soil was saturated with water. 

Bnmronment-eontrol ehambers. Most experiments were performed 
in artificially lighted chambers with controlled temperature. The 
construction will be described with the aid of the simplified plan 
in fig. 1. Cold air is continually forced into the chamber through the 
pipe a and is heated to the desired degree by the electrical heater 
5, which is operated by the mercury relay c and the contact thermo- 
meter d. The air passes on through a perforated plate of stainless 
Steel (e) and dissipates through slits around the movable front /. 
At the top of the chamber there is a water-filter (g) with a glass 
bottom, over which cold tap water flows in a 10 cm thick layer. 
The plant material is placed on the vertically adiustable plate e 
(52 X 88 cm). 

The temporal variations of the temperature in these chambers 
did not normally exceed ± 0.3° C. In addition, there was a local 
variation of up to + 0.6° C, which could not be eliminated by an 
electric fan circulating at reasonable speed. Instead the plants were 
often rearranged in the chamber. 

Mercury and sodium vapor lamps were used almost exclusively 
as light sources. In a rectangular reflector (33 x 65 cm; cross sec- 
tion, see fig. 1) two strong sodium lamps were generally used (Os- 
ram Na-1000) and between tbem various other lamps (Osram 
Hg H-1000, Hg Q--500, !Na-650). Technical descriptions of the 
lamps are to be found in Uyteehoevbn 1938 (p. 208, 258, 298); 
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ZO cm 




Fig. 1. Median cross section through environment-control chamber. For expla- 

nation, see text. 


see also Åberg 1941 (p. 20, 46) and 1943 (p. 47). The lamps were 
automatically operated by means of electric time-switches. 

Liglit intensity meamrements. For this purpose two different equip- 
inents were used: 

1. A seleniuin rectifier cell (from B. Lange, Berlin), mounted behind 
a 2 mm thick, depolished opal glass plate, in combination with a 
light spot galvanometer (Multiflex, resistance 50 ohms, maximal 
sensitivity 0.02 micro-amp./mm). 

2, A Moll large surface thermopile (from Kipp & Zonen, Belft), 
combined with a Moll micro-galvanometer (also from Kipp & 
Zonen). 

The thermopile was used for measuring the total radiation at wave 
lengths <700 mp. by means of a filter arrangement to be described 
later on in a separate publication. The radiation to be measured is 
first passed through a water filter (10 mm) and after that either 
through a clear glass filter or a colour filter, transmitting only the 

16 —45441 Kungl. Lantbrukskögskolana Annaler. Vol. 13 
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wave lengths longer than 700 m(x (EG 8, 2 mrn; from Sehott & Gc- 
nossen, Jena). The radiation soiight for is then obtained by dif- 
ference. 

The rectifier cell was standardized for the various radiations by 
means of the thermopile arrangement. It was used for the continuous 
control of light intensity and for the measurement of its local va¬ 
riation within the chambers. This variation was fairly similar in the 
different chambers and consisted in a decrease of ca. 12 % from the 
centre to the periphery of the chamber and in a vertical increase 
of ca. 16 % per dm. The radiation intensity was measured on a level 
with the main foliage of the plants and in the centre of the chamber. 
All the values given represent the radiation at wave lengths <700 
mpi and are expressed in milligram calories per square centimetc^r 
per minute (mgcal/cm^ • min). For the sake of (‘omparison it may 
be mentioned that an illumination of 1000 llefner-lux (or 80 foot 
candles) from ordinary incandesccnt lamps is equivalent to a radia¬ 
tion intensity in the given range of ca. 6 rngcal/cm® • min (cp. p. 258). 

Determination of ascorbic acid. Only the reduced form of ascorbic 
acid has been deterrnined in the present study. As a rule, there are 
no appreciable amounts of dehydro-ascorbic acid in newly harvested, 
green shoots (Bessey 1938, Molbtmann 1939 p. 299, Hamner & 
Parks 1944, and others). Generally the determinations were made 
on samples of leaf blades with a weight of (1~) 2-3 (-5) g. The 
procedure was as follows: 

1, As soon as possible after the weighing, the sample was transferred 
to a porcelain mörtar. Some acid-washed quartz sand and 20-30 
ml of »extraction acid», containing 0.25 gram equivalents of HPO3 
and 0.5 gram equivalents of H2SO4 per liter, were added, and 
the tissue was ground as fine as possible. The acid with the 
suspended tissue fragments was then decanted into a 100 ml 
volumetric flask. The mörtar with the remaining sand was re- 
peatedly rinsed with further portions of the acid mixture, and 
the whole made up to volume. — When several samples were 
taken at the same time some of them had to be stored in the re- 
frigerator until the extraction could be made (a period not ex- 
ceeding two hours). The catalytic action of copper on the oxida¬ 
tion of ascorbic acid is inhibited by the metaphosphoric acid 
in the »extraction acid» (Fujita & Iwatake 1935, Lyman et 
al. 1937) and the sulfuric acid rapidly inactivates the ascorbic 
acid oxidase (Mack & Tressler 1937, Thornton 1938). 

2. After about an hour the volumetric fläsks were shaken and the 
suspension transferred to a filter. The first pprtion of liquid 
passing the filter was poured back; thus a clear filtrate was usually 
obtained. 
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3, 10 ml of the filtrate was pipetted into a test tube, adapted for 
a colorimeter of the Evelyn type (Evelyn 1936). The pH was 
adjusted to ca. 4.7 by the addition of 6 ml of 2.5 N sodium ace- 
tate solution and then ca. 0.001 N dichlorophenolindophenol was 
added from a micro buret. Immediately after the addition of the 
portion giving a permanent pink colour, a stop-watch was started, 
the test tube transferred to the colorimeter, the galvanometer 
reading (öj) noted, and the time elapsed (ca. 40 seconds) observed. 
A new reading (Og) was made when a further equal period had 
passed. A few crystals of pure ascorbic acid were then added, 
and the galvanometer reading {G^) for the decolorized solution 
was noted. The correeted light transmission of the indophenol 
excess (T) was caleulated as follows: 


öo 

The (iorresi)onding eoncentration was found from an empirical 
calibration curve, determined for indophenol Solutions in the 
same buffer mixture and with the same test tube. A light filter 
transmitting only in the range 500-600 mfx (VG9, 2 mm 4- GG 
11, 2 mm; from Schott & Gen., Jena) was always used. 

The indophenol quantity sought for (In) is finally found as the 
difference between the added quantity and the excess, correeted 
to the time 0 in the way mentioned above. This correction, usually 
arnounting to no more than 0.4-1.0 % of In, is based on the empi¬ 
rical faet that the inerease of the transmission is approximately 
linear for a few minutes, after the first rapid reaetion between 
ascorbic acid and indophenol has been completed. 

The analytical procedure thus outlined is a combination of ti- 
tration with a photometric method, comparable to that described 
by Bessey (1938). The neeessity of using a standardized indophenol 
solution is counterbalanced by the width of the range of concentra- 
tions directly determinable and the possibility of a regular use of the 
indophenol excess most suitable for an aceurate photometric deter- 
niination. The indophenol solution was daily standardized against 
6.01 N ferrous ammonium sulfate (Tillmans, Hirsch & Vaubel 
1933 p. 146, Lorenz & Arnold 1938), which was checked against 
standard potassium permanganate. 

The extraets usually had a more or less pronounced pink colour 
(anthocyan), which slowly faded after the addition of sodium ace- 
tate. After four to five minutes, however, the transmission had 
reached a new constant level and the »photometric titration» de¬ 
scribed above could be performed without disturbances. 

In spite of the high acidity and the metaphosphoric acid content 
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of the extracts there was a slow oxidation of the ascorbic acid. 
At about 20® C it amounted to ca. 1 % per 100 minutes. For each 
series of samples some of the extracts were analyzed twice, and 
thns an average value for the oxidation velocity was obtained. The 
initial ascorbic acid concentration of the extract could then be cal- 
culated; as a rule the correction applied did not exceed 2-^3 %. 

In the first experiment the ascorbic acid content of the extracts 
was determined by ordinary titration, in all other cases by the 
more exact method described above. The extraction method was 
checked as follows. Five replicate samples of leaf blades (parsley, 
ascorbic acid content 121.3 ±1.27 mg %) were extracted in the 
usual way. Instead of filtering the snspensions the tissue fragments 
were allowed to settle, 75 ml of the clear solution were removed by 
means of a pipet, and the ascorbic acid concentration was determined 
(a). The remaining qnantity (25 ml) was transferred to the mörtar, 
once more ground with quartz sand, again transferred to the 100 
ml flask, and made up to volume. The ascorbic acid concentration 
of the diluted extract was also determined (ft), and the quotient 
ajb calculated. It amounted to 4.04 with a standard error of 0.11 
and consequently there is a good agreement with the theoretical 
value expected in case of a uniform distribution of the ascorbic acid. 
This uniform distribution can also be demonstrated by a direct 
comparison of the »volumetric» and the successive extraction methods 
(Thornton 1938). 

In the following the ascorbic acid values are given as mg per 100 
g of fresh tissue (mg %), unless otherwise stated. 

3. Eifect of light quality. 

The first experiments were specially designed to show whether 
or not the shorter wave-lengths of the visible spectrum have any 
specific effects upon the ascorbic acid content. To that end plants 
were cultivated in pure sodium light, in sodiuin light supplemented 
with mercury light, and in pure mercury light. 

Experiment I, Thirty kale plants were reared in artificial light 
during the period Dec. 9, 1944-Jan. 3,1945 (continuous illumination 
from 2 Na~1000 4- 1 HgQ-500, ca. 36 mgcal/cm^ • min, temp. 
15® C). On Jan. 3 the plant material was divided into two equal lots. 
One of them was further cultivated in a control chamber with the 
lamps 2 Na-lOOO + 1 HgQ~500 (Na-Hg), the other in a chamber 
with pure sodium light (2 l^^a-1000 + 1 lira-650) (J^a). In both 
cases the temperature was 15,0® C, the period of illumination 16 
hours (4 a. m.--8 p. m.), and the intensity 30 mgcal/cm* • min. 
In the Nor-Mg chamber ca. 25 % of the radiation came from the 
mercury lamp. 
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Table 1. Ascorhic acid content (mgj 100 g) etc. of kale plants af ter 
ciiltivation in Na- and Na-MgMght. Average values for 7-8 
plants. Exp. I. 




Green 

weight 

Num- 

Dim. of 7th leaf (cm) 

Ascorbic acid content of 
leaves no. 



of 

ber of 

— 

-- - 

— 








shoot. 

leaves 

Length 

Length 

1 * 

-3 





g 


of petiole 

of lamina 







37 days 

Na 

4.0 

8.3 

4.2 

4.8 

206 

154 

127 

Na-Hg 

3.2 

8.3 

3.4 

4.0 

195 

150 

142 







1-2 

3 

4 

5 

6 


48 days 

Na 

4.4 

8.0 

3.4 

4.3 

212 

190 

181 

180 

172 


Na-Hg 

3.0 

7.9 

2.9 

4.2 

227 

200 

205 

186 

177 



Seven plants from eacli chamber were analyzed after 37 days 
(on Febr. 9) and the remainder after 48 days (on Febr. 20). The 
leaves were numbered, beginning with the youngest one exceeding 
10 mm in length, and various groups of leaves (including petioles) 
were analyzed separately. The results are shown in table 1. The 
leaves with the same numbers are, of conrse, not fully comparable 
on the two occasions, since new leaves have developed in the inter- 
vening tirne and some of the older ones have died. The petiole is 
not sharply delimited; the given measure applies to the distancefrom 
the basal end to the beginning of the coherent part of the leaf blade. 

The petioles were somewhat longer in pure sodiurn light, but in 
other respects there was no difference in the appearance of the plants. 
As to the ascorbic aeid content there was no definite difference 
between the Na and Na-Hg plants; in both cases the older leaves 
were poorest in ascorbic acid. 

Experiment II. Plant material: 

a. Kale plants, sown on Jan. 12, cultivated in the control chambers 
for 26 days (March 15-April 10, 1945). 

Tomato piants, sown on Febr. 14, and ca. 8 cm high when träns- 
ferred to the chambers, where they remained for 38 days (March 
16-April 23, 1945). 

The following four combinations of lamps were used: 

E 2 Na-1000 + 1 Ka~650 

» +1 HgQ-500 

» 4-1 HgH-1000 

» +1 HgQ-500 + 2 100-watt incandescent lamps. 
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Table 2. ÄsGorhic acid content (mgjlOO g) etc. of kale plants after 
cultivation in light from two Na-1000 lamps in comhination with 
various other lamps, Average values for 8 plants, Exp, II, 


Lamps (excl. of 

2 Na-lOOO) 

Fresh weight 
of shoot 
(g) 

Number 
of leaves 
> 10 min 

Ascor 

1 

!:)ic aeic 

2 

. eontei 

3 

it of le 

4 

af no. 

5 

Na-650. 

5.8 ±0.4 

5.7 ±0.7 

7.8 ± 1.5 

6.4 

245 

258 

221 

199 

188 

HgQ- 500 . 

7.3 


239 

2J2 


HgH-1000 . 

7.9 

221 

234 

211 

191 

175 

HgQ-500+2 100 
W inc. lamps . 

6.8 ±1.8 

6.9 



203 

182 



The radiation intensity was 30 nigcal/em-^ • min. In eharnber 2 
29 % and in eharnber i 41 % of the radiation came from the mer- 
cnry lamps. In eharnber 4 63 % came from the sodiuin lamps, 
20 % from the mereury lamp, and 17 % from the ineandescent 
lamps. In all cases the lamps were on for 16 hours a day (4 a. m.~8 
p. m.), and the temperaturo was lö"" C. 

The results for the kale plants are shown in table 2. The leaf 
numbers are as in exp. T. The weight of the leaves did not differ 
significantly in the various radiations; the average values were as 
follows: 

Leaf, no.: 1 2 3 4 5 

Fresh weight, g: 0.07 0.31 0.71 1.05 1.23 

Generally the ascorbic acid content of petioles is niuch lower 
than that of leaf blades (Levy & Fox 1935, Keid 1937, Moldtmatvn 
1939, and others). As the ratio petiole/leaf blade varies with the 
light quality (cp. Exp. I) the samples were restrieted to the leaf 
blades for all leaves except no. 1, where a separation could not easily 
be made. As a consequence the ascorbic acid content rises from leaf 
no. 1 to no. 2. Subsequently it deereases with inereasing leaf age as 
in exp. T. There is no definite relation between the ascorbic acid 
content and the quantity of mereury or ineandescent light, contain- 
ing also the shorter wave lengths of the visible spectrum. The small 
variations present probably do not exceed the sampling errors. 

The results for tomato plants, cultivated under the same cireum- 
stances as the kale plants, are shown in table 3. Leaf no. 1 is the 
youngest one, which exceeds 50 mm in length. Only the leaf blades 
were analyzed for ascorbic acid. As for the kale plants the values 
decrease with inereasing leaf age, and the small variations between 
the different chambers must, as before, be interpreted as sampling 
errors. Thus it is also understandable that these variations do not 
coincide for the tvro plant species used. 
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Table 3. Dimensions and ascorbic acid contcnt (mgllOO g) of tomato 
plants after cnltivation in light from iwo Na-1000 lamps in com- 
bination with various other lamps. Average values for 4 plants. JExp. II. 


Lamps 

Height 

Width 

1 

Ascorbic acid content of leaf no. | 

(exclusive of 2 Na -1000) 

(cm) 

(cm) 

1 

3 

5 

Na-660 . 

26 

25 

135 

110 

57 

HgQ 500. 

22 

24 

134 

96 

58 

HgH-1000. 

32 

26 

143 

112 

72 

HgQ-500+2 100-W in- 
candoBOont lamps. 

26 

24 

139 

107 

48 


Appoaranoes of tlie plants ai the end of the experiment: 

Na 650: leaflets relatively small with strong epinastic eurvatures. 

HgQ-500: dark green, robust plants with flat or nearly flat leaflets. 

HgH 1000 and HgQ~500 + inc. lamps: plants of a somewhat lighter green 
tint than in Hg-500, with longer internodes. 

Experiment III. From exp. T and II it was evident tliat there 
cannot be any strong effects of tbe blue end of the sx>ectrum upon 
the asciorbio acid content of the leaves. An experiment with greater 
differences in the light quality was therefore performed. 

Tomato jilants, sown on March 16, were cultivated in pure sodium 
and pure mercury light for seven days (May 2““May 9, 1945). The 
sodium light came from two Na-1000 lamps, and the mercury light 
from a HgH-1000 lamp. The radiation intensity was 20 rngcal/cm^ • 
min, and in the mercury light ca. 36 % of this was in the range 400- 
500 m|jL. The lamps were on for 16 hours a day (4 a. m.-S p. m.), 
and the teraiierature was 15.5° C. 

The results are shown in table 4. As in the former experiments 
the ascorbic acid content decreases with the increasing age of the 
leaves, and the variation with the light quality is only slight. 

IJiscussion. From the experiments I-IIl it is quite clear that 
plants cultivated in pure sodium light (X == 589 m(ji) may have an 
ascorbic acid (iontent equal to that of plants cultivated in light 
of the same intensity, but containing also wave lengths in the range 
400-500 inpi. Consequently these shorter waves cannot have any 
specific or indispensable funetion in the synthesis of ascorbic acid. 

As to ultraviolet radiation there is ample evidence that it has no 
appreciable effect on, or depresses the ascorbic acid content of seed- 
lings (Eggleton & Habkis 1925, Heller 1928, Moldtmann 1939 
p. 320, Weissenböck & Nextbaijeb 1940) and fruits (Wokes & 
Organ 1943 p. 263). The relative efficiency of different regions of 
the visible spectrum has been studied by Sugawaba (1939 II). 
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Table 4. Äscorbic acid content (mgj 100 g) etc. of tomato plants 
after cultivation in Na- and Hg-light. Average values for 
8 planta. Exp. III. 



Fresh weight (g) of leaf no. 

Number 

Aseorbic acid content of 
leaf no. 





of leaves 





1 

3 


> 60 mm 

1 

3 

6 

Na 

0.24 

2.02 

2.49 

8.1 

84 

63 

40 

Hg 

0.25 

2.08 

2.05 

8.0 

77 

48 

40 


Etiolated seedlings were exposed for 1-2 days to incandescent light, 
which was filtered through water and various dyed gelatin films, 
and the plants then analyzed for aseorbic acid. As tlie energies of 
the transmitted bands were not equalized, and cannot easily be cal- 
culated from the »peak values», which are said to be of the same 
magnitude, the resnlts must be regarded as purely qualitative, and 
no emphasis can be laid upon the effieiency series found (white> 
red>green>blue). Yet the results support the conclusion that 
the blue light has no specific effect upon the aseorbic acid synthesis. 


4. Effect of light intensity. 

The relation between the intensity of light and the aseorbic acid 
content of green leaves has been studied in two experiments, the 
one performed in control chambers, illuminated with sodium lamps, 
the other in a glass house. In this connection some observations 
on the decrease of the aseorbic acid content of darkened plants are 
also described. 

Experiment IV. Tomato plants, sown on April 24, were arranged 
in five equal groups, and placed in different light intensities for a 
period of 10 days (June 9-June 19, 1945). The temperature was in 
all cases 15.5° C. Four of the groups were kept in control chambers 
with pure sodium light of the following intensities: 54, 27, 13.5 and 
5.4 mgcal/cm^ • min. The lamps were on for 16 hours a day (4 a. m.- 
8 p. m.). The fifth group was placed in a completely darkened tem¬ 
perature control cabinet. 

In the dark the leaf petioles showed epinastic bendings and the 
leaf blades were hyponastically curled. Also the stems showed 
more or less pronounced bendings. As the older leaves of the darkened 
plants began to die during the experiment, these plants were har- 
vested and analyzed one day before the others. On three plants all 
leaves older than no. 1 were then withered. 
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Table 5. Dimensions etc. of tomato plants afler cultivation in Na-light 
of different intensities (mgoaljcm^ • min). Average values for 
9 plants. Exp. IV. 


Light 

int. 

Height 

(cm) 

Width 

(om) 

Number 
of leaves 
> 50 mm 

Stem 

length 

(cm)i 

Fresh weight (g) of leaf no. 

1 

3 

5 

54 

23 

28 

8.0 

18.0 

0.23 

1.50 

1.98 

27 

32 

34 

7.8 

26.7 

0.22 

2.01 

2.57 

13.5 

35 

35 

8.0 

27.5 

0.18 

1.68 

2.76 

5.4 

32 

34 

7.6 

26.2 

0.18 

1.68 

2.17 

0 

22 

— 

6.6 

— 

0.18 

1.33 

1.31 


Table 6. Ascorhic acid content {mgf 100 g) and percentage dry matter 
in leaf blades of tomato plants^ cultivated in Na-light of different in- 
tensities. Average values for 9 plants. Exp. IV. 


Light 

int. 

Percentage dry 
matter, leaf no. 

Ascorbic acid coi 

Fresh leaves 

itent 

Dry matter 


3 

5 

1 

3 

5 

3 

5 

54 

19.8 

20.4 

121.9 

96.2 

77.3 

486 

379 

27 

14.3 

13.5 

96. r. 

66.8 

43.4 

397 

321 

13.5 

10.9 

9.4 

60.5 

32.5 

20.0 

298 

213 

5.4 

9.0 

9.0 

29.2 

13.2 

8.3 

147 

92 

i 

— 

— 

14.6 

14.5 

6.8 

— 

— 


The results of the experiment are shown in tables 5 and 6. The 
leaf numbers etc. are as in exp. 11. In spite of the relatively short 
duration of the experiment distinct photomorphotic changes in the 
plants were apparent (ep. Åberg 1943). Thus the stem length 
increases with decreasing light intensity as long as this is strong 
(^nough to permit an adequate assimilation. The leaf weight shows 
a maximum at intermediate light intensities, and the percentage 
of dry matter of the leaTes is continually decreasing. The ascor- 
bic acid content decreases with the leaf age and the light intensity. 
The decrease with the leaf age is shown graphically in fig. 2. It be- 
comes more and more pronounced as the light intensity diminishes. 
Under the circumstances there is no fixed relation between the 
ascorbic acid content and the light intensity; instead the relation varies 
with the leaf age (fig. 3). For the intensity range used it tends to 

^ From the cotyledonary node to node of leaf no. 1 (= youngest leaf >60 mm). 
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Fig. 2. Relation between ascorbic aoid contont and leaf ago at differont light in- 

tensities. Exp. IV. 

direct pruportionality with increasing leaf age. The exeeptional 
values for the darkened plants may have been eaused by changed 
metabolic conditions (cp. p. 264). 

Experiment V. Tomato jdants, sown on May 15, were arranged 
in 5 equal series, whioh were grown in daylight of different inten- 
sities for 11 days (June 26-July 7, 1945). At the beginning of the 
experiment their height was ca. 13 cm, the width 16 em, and the 
number of leaves 5-6. The variation of the daylight intensity was 
brought about in the following manner: 

1. The plants were standing in a freely exposed place ont of doors. 
Eelative light intensity (I) = 100. For this group also the tem- 
perature and humidity differed from the conditions prevailing 
in the glass honse, where the following four groups were placed. 

2. Plants freely exposed in the glass house (panes lime-washed). 
I = 39. ö. 

3. Plants under lath screens in the form of cages (1 x 0.5 x 0.5 m). 

The laths were 11 mm wide, 5 mm thick, and spaced with a 

distance of ca. 10 mm. I == 17.0. 

4. Like 3, distance between the laths ca. 4 mm, J = 7.1. 

5. Like 3, distance between the laths ca. 2 mm. I == 2.7. 
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Fig. 3. Rolation betweeii ascorbic acid content and light intensity for leaves of 
difforent agos. Exp. IV. 


Table 7. Dimensions etc, of tomato plants af ter cultivation in day 
light of different intensities (rel, values), Average values for 
10 plants, Dxp, V, 


Light 

int. 

Uoif;ht 

(cm) 

Width 

(cin) 

Number 
of leaves 
> 50 mm 

Lengt h 
(cm) 

Stem 

Fresh weight 
(g) 

Porcentago 
dry matter 

100 

18 

20 

6.8 

14.4 

3.00 

11.6 

39.5 

20 

27 

7.0 

16.2 

3.57 

9.2 

17.0 

24 

31 

7.5 

19.0 

3.05 

6.8 

7.1 

35 

30 

7.7 

28.2 

5.10 

4.6 

2.7 

34 1 

30 

6.9 

27.0 

3.70 

4.1 


As in exp. IV the plants showed distinct photomorphotic (in group 
1 also xeromorphic) changes: see table 7. The differences in the 
leaf weight are shown in fig. 4. The weight of the youngest leaves 
deereases with the light intensity, whilst the fully grown ones reach 
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Leaf number (curve 1 and 5). 



Leaf numbor (curve 2, 3 and 4). 

Fig. 4. Fresh weight of leaves of different ages at differont light intonsities (7 = 
100, 2 = 39.5, 3 = 17.0, 4 = 7.1, 5 2.7). Exp. V. 

their maximum size at an intensity equal to 17 % of the full day- 
light. On the appearance of the leaves the following notes were made: 

1. Leaves yellowish green and stiff; the younger ones with the 
halves of the leaflets folded up against each other, the older 
ones discoloured, with partly withered and whitish tips. 

2, 3. Leaves softer, of a fairly pure green tint, though partly with 
a pattern of small yellow and green spots. Leaf blades flatly 
expanded. 

4, 5. Leaves of a more uniform and lighter green tint than in groups 
2 and 3 (lightest in group 5). 

The anthocyanic coloration of the leaf cxtracts rapidly decreased 
in the series 1> 2> 3, and was hardly detectahle in oases 4 and 5. 

The variations of the ascorbic acid content are shown in tab. 8 
and fig. 5-6. The picture is partly the same as in exp. IV. In the 
highest light intensity, however, the ascorbic acid content increases 
with the leaf age, and in the second group the decrease is rather small. 
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Table 8. Äscorbie acid content (mgjlOO g) etc, of tomato plants^ 
mltivated in day light of different intemities, Average values for 

10 plants, Exp, Y. 


Light 

int. 

Percentage dry 
matter, leaf no. 


Ascorbic acid content 


Fresh leaves 

Dry matter 

3 

5 

1 

3 

5 

3 

5 

100 

26.1 

26.2 

120.5 

157.2 

167.3 

602 

638 

39.5 

19.2 

21.2 

115.0 

98.0 

102.8 

510 

485 

17.0 i 

13.4 

12.4 

9.3.3 

66.9 

47.2 

499 

380 

7.1 i 

10.4 

8.3 

61.0 

38.3 

20.1 

368 

242 

2.7 

7.9 

7.4 

27.8 

12.4 

9.3 

158 

125 


Further, the approximate proi)ortionality between the ascorbic 
acid content and the light intensity, even for the oldest leaves ana¬ 
lysed, is restricted to the lower part of the intensity range used. 
Obviously these differences could depend upon a variation in the 
range covered in the two experiments. Assuming that the relative 
intensity »100» of exp. V is equivalent to 200 mgcal/cm^ • min of 
sodium light in exp. IV, the results could be combined to a coherent 
and uniform picture (fig. 7). 

With the daily quantity of illumination as the basis of comparison 
an approximate estimation of the equivalent »intensities» is possible 
(cp. Atjrén 1939, ÅBERG 1941 p. 31, 40: average daylight quantity 
a day ---- ca. 8 EsH; 1 EsH 00 x 500 mgcal/cm^). It gives: the 
rel. intensity »100» cv 250 mgcal/cm^** min for 10 hours. With re- 
gard to the purely schematic character of such a comparison the 
agreement with the value used abo ve is quite satisfactory. 

In connection with exp. II some preliminary determinations of 
the decrease of the ascorbic acid content of darkened plants had 
already been made. The temperature was 15° C. As is shown in 
tab. 9 the content decreases by ca. 25 % of the initial value per 24 
hoiirs. In order to get information about the possible relations to 
leaf age etc. a special experiment including a greater number of 
plants was arranged. 

Experiment VI, Tomato plants, sown on March 10 and reared 
hl daylight, were arranged in 4 equal series, which were further 
treated in the following way: 

B plants, harvested on May 10, 0.30 p. m. Average number of 
leaves longer than 50 mm (LN) =8.1. Leaf blades analyzed for 
ascorbic acid content. 
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Fig. 6 . Relation between ascorbic acid contont and leaf age in daylight of diffor¬ 
ent intensities (100-2.7). Exp. V. 

2. 8 plants, transferred to a dark teinperature control cabinet 
(15® C) on May 10, 0.30 p. m. After 48 hours the plants were 
harvested and analyzed for ascorbic acid. LN “8.1. 

3. 8 plants, remaining in the glass house until harvested on May 
11, 0.30 p. m. Leaf blades used for dry weight determinations. 
LN = 7.9. 

4. 12 plants, harvested at the same time as series 3, LN = 8.2. 
Leaf blades used for determinations of protein nitrogen. The 
samples (fresh weight 2.5-10 g) were ground with 100 ml of a 
0.001 % HgCla-solution. The suspension was boiled, and then 
the soluble protein was precipitated with 20 ml of a 0.25 mol. 
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Light intonsity. 

Fig. 0. Relation botween ascorbic acid content and light intonsity for leaves of 
different ages. Exp. V. 


Tabk* 9. Ascorbic acid contcnt {mgjlOO g) in leaf blades of tomato 
plants after different periods of darkness, Average values for 4 plants. 


Length of ' 
period in 
darkness, h i 


Ascorbic acid in leaf no. 

1 I 3 1 5 


Average 

percentage 

diminution 


0 

i 139 

107 

48 

24 

1 107 

i 74 

38 

0 

1 134 

96 

I' 58 

48 

1 68 

56 

27 


ii 


48 


Pb-acetate solution (cp. Ekdahl 1944). The solid residue was 
(entrifuged off, washed, and transferred to a Kjeldahl flask for 
the determination of the total nitrogen present. These deter- 
niinations were made in the analytical laboratory of the Agri- 
cultural College. 

The results of the experiment are presented in tab. 10. The de- 
‘"Teaae of the ascorbic acid during the dark period varies with the 
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Light intensity. 

Fig. 7. Relation between ascorbic acid conient of tomato leaves and light in¬ 
tensity. Exp. IV and V. The i*ol. intensity valuos of exp. V are multipliecl with 

2, see text. 

leaf age. It rises slowly to a maximum for the leaf classes no. 3 and 
4, but then falls off rajndly with further increase in leaf age. All 
analyzed leaves were green; leaf no. 8 was the first showing a tendenoy 
to turn yellow. 

The average leaf weights of the different plant series are shown 
in tab. 10. There are no consistent differences between them, and 
thus there does not seem to have been any considerable increase of 
the water content of the leaves in darkness (ser. 2). 

The amount of protein nitrogen per millimol of ascorbic acid de- 
creases considerably with the leaf age. With regard to that and other 
circumstances it seeras natural to expect the maximum consump- 
tion of ascorbic acid in the young, rapidly growing leaves. 

Discussion. The displacement of the maximum decrease of the 
ascorbic acid content during a dark period from the expected si¬ 
tuation to the nearly full-grown leaves seems to find a natural ex- 
planation in the assumption of a translocation of ascorbic acid from 
those leaves to the younger ones. With further increased age the 
importance of the leaves as sources of ascorbic acid is presumably 
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Table 10. Ascorhic aeid content etc. in leaf blades of tomato plants 
hefore and after 48 hours in darkness. Average values for 8-12 plants. 

Exp. VI. 


Ser. 


1 

2 

Leaf no. 

3 4 


7 

1 

Ascorbic acid, mg/100 g . , 

106.3 

176. .3 

170.3 

1.54.5 

139,8 

112.8 

2 

» » » 

115.,5 

111.0 

101.8 

86.3 

96.2 

93.4 

1 i-2 

Decrcasc, mg/100 g. 

.50.8 

05.3 

68.5 

68.2 

43.6 

19.4 

1 4 2 

» , % of initial value 

,30.0 

37.2 

40.3 

44.2 

31.2 

17.2 

i 1 1 4 

Mmol protein-N per mrnol 
ascorbic acid. 

56.7 

44.6 

38.4 

37.1 

35.1 

32.2 

1 :i 

Percentage dry matter. . . . 

10.1 

20.1 

21.3 

22.3 

22.1 

17.7 

! 4 

j 

Mmol protoin-N per 100 g 
fresh weight. 

,53.0 

44.7 

37.2 

32.6 

27.9 

1 

20.6 

1 

( 

0.27 

0.84 i 

1.58 

2.10 

1.89 

0.80 

1 2 

1 Av^erago weight (g) of ) 

1 0.26 

i 0.81 

1.74 

' 2.21 

1.84 

0.76 

[ 3 

wholc leaves. \ 

0.24 

O.SO 

1.64 

2.18! 

2.08 ; 

; 0.84 

1 4 

{ 

0.20 

0 . 89 : 

1.64 

2.19 

1.90 1 

i 0.83 


diniinished. This hitter assumption is in good agreement with the 
finflings of Went & Bonnkr (1943) that the youngest of the full- 
grown leaves are most effective in providing the growing parts with 
sugar. 

To sorne extent, at least, the suggested translocation of ascorbic 
aeid will also give the explanation of the varying relation between 
the light inteusity and the ascorbic acid content of different leaf 
<*la8ses. In the »exporting» leaves the relation is more direct than 
in the youngest ones, where the ascorbic acid content, through iin- 
portation, is kept at a value as near the optimum as possible, 

Kohman & PoRTER (1940, 1942) have earlier observed a de- 
crease of the ascorbic acid content of darkened tomato plants. This 
decrease was more rapid for the shoots of intact plants than for 
isolated shoots jdaced with the cut ends in water. The suggested 
explanation is that the ascorbic acid is consumed »in some physio- 
logical process, the activity of which is diminished by severing the 
plant from the root system». In studies now in progress similar 
results have been found for parsley plants. After severing the leaves 
their ascorbic acid »eonsumption» feU down to one third of the ori¬ 
ginal value. 

The difference is probably dependent on the cessation of the 
translocation of the ascorbic acid from the leaves as is shown by 
the following preliminary experiment. A tomato leaf (weight 9 g) 
was placed with the cut end in a flask eontaining 30 ml of a highly 

17 — 45441 Kungl. Lantbrukshögekolana Annaler. Vol. 13 
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Light intensity. 

Fig. 8. Relation between ascorbic acid content of turnip greons and light intensity. 

Values from Hamneä & Paiiks (1944). 

diluted indophenol solution (0.000015 N) and kept in darknoss for 
20 bours. After this tinie tlie concentration of the indophenol so- 
lutiion was determined colorimetrieally and found to liave exaetly 
the same value as initially. The cessation of the downward migra- 
tion of organic materials from leaves or shoots, severed from the 
other parts of the x>lant and placed in water, is also substantiated 
by observations of Mothes (1938 p. 601: nitrogenous cornpounds) 
and Bursteöm (1943 p. 20: sugar). Op. also Yabwood (1946 p. 7). 

For the fullgrown leaves we can assiime that the ascorbic aeid 
content is directly dependent upon the balance between a light- 
governed synthesis on one side and the consumption and »export» 
on the other. Under eertain circurastanees this balance can result 
in an approximate proportionality between light intensity and ascor- 
bic acid content, as is the case for the tomato leaves of dass no. 
6 for light intensities up to 80 mgcal/cm^ • min or corresponding 
daily light quantities (fig. 3, 6 and 7). 

In fig. 8, a curve drawn from values found by Hamner & Parks 
(1944) is presented. They cultivated turnip greens in incandescent 
light of varied intensity for a week, and then analyzed the leaves 
for ascorbic acid. The light came from 1500 W-lamps, and the photo- 
period was 16 hours a day. The direct proportionality between 
intensity and ascorbic acid content is here restricted to the range 
below ca. 750 foot candles or ca. 9 375 lux. Assuming an energy 
content of 0.067 mgcal/cm^ • min for 1 lux of unfiltered incandescent 
light (Köhleb 1937 p. 85), and further that 9 % of that amount is 
restricted to the range below 700 mfx, we have: 9 375 lux incan¬ 
descent light cv ca. 57 mgcal/cm^ • min. The limiting value for the 
direct proportionality is then of a magnitude comparable to that 
found here for tomato leaves. 

Por seedlings of maize, radish and Chinese cabbage, Sugawaea 
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(1939 I) found an increase of the ascorbic acid content with the light 
intensity. In tliis case, however, there is a fairly large amount of 
ascorbic a(dd even in the completely darkened seedlings, and this 
amount must have been produced by a process which is independent 
of light. In the illuniinated seedlings an additional amount is syn- 
thesized under the influence of light, and thus the ascorbic -acid 
here has a double origin. 

It may finally be mentioned that the approximate correspondence 
between the ascorbic acid values of plants cultivated in daylight 
(exp. V) and those cultivated in sodiurn light (exp. IV) corroborates 
the conclusion dra^vn in chapter 3 on the absence of specifie effects 
of the rays of the blue end of the spectrum upon the ascorbic acid 
syiit hesis. 


5. Effect of light duration. 

In order to ascertain to what extent the effects of varied light 
intensity (‘ould be reproduced by varying the length of the daily 
period of light the following experiment was made. 

Experiment VII. Tomato plants, sown on May 15, were arranged 
in 4 equal series and placed in the control ehambers on June 26, 
1945. The same eombination of lamps (2 Na-1000 +- 1 HgQ-500) 
was used in all cases. The radiation intensity was 33 mgcal/cm^ • 
min, the temperature 15.5® O, and the photoperiods 6, 12, 18 and 
24 hours. After 16 days the plants were harvested and analyzed. 
They were taken from the control chamber when two thirds of the 
pliotoperiod had j)assed. The following notea on their appearanees 
were made: 

6 h.: leaves light green with completely flat leaflets. 

12 h.: » moderately green, leaflets with slight curvatures 

only. 

18 h.; » dark green with pronouneed ©pinastic curvatures. 

24 h.; » » » , epinastic curvatures stronger. 

The intensity of the anthocyanic coloration of the leaf extracts 
decreases with the length of the photoperiod and also with increasing 
leaf age. Por the range 6~18 h, the dimensions of the plants (tab. 11) 
vary in a manner similar to that caused by increasing light intensity. 
The ascorbic acid content (tab. 12) of the older leaves increases with 
the photoperiod. Por the youngest leaf analyzed, however, the max¬ 
imum value is reached even with a 12 hour day. In fig. 9 the re- 
sults of exp. IV (varied light intensity) and exp. VII (varied photo¬ 
period) are compared graphically with the daily light quantity as 
the basis of comparison. Por leaf no. 5 the a8cx)rbic acid content is, 
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Table 11. Dimemiom etc, of tomato plants after cultivation with 
different day-lengths, Na-Hgdight, Avcrage valites for 9 plants, 

Exp, VII, 


Photo- 
period 

(H) 

Height 

(pin) 

Width 

(rm) 

Number 
of leav^es 
> 50 mm 

- 

Stem 

Length ; F resh wei ght 
(••>n) j (K) 

Percentage 
dry matter 

6 

l 

35 

31 

i 

8.4 

:«). 1 

7.00 

4.8 

12 

33 

30 

8.9 

28.S 1 

7.19 

7.0 

18 

28 i 

24 

9.0 

22.4 1 

6.10 

9.0 

24 

29 ' 

21 

8.9 ! 

23.2 1 

7.25 

8.9 


Table 12. Ascorbie acM content (mgj 100 g) etc, of tomato plants 
after cultivation with different daydengths, Xa-Hgdight, Average 
values for 9 plants, Exp, VII, 



1 

l*eroentage dry i 

Ascorbie acid content 

period 

mattor, leaf no. ' 

Fresh leaves 

Dry mattor 

(h) 

- - , 1 

1 . 1 

- 

i 

; 3 i 5 1 

I i 3 1 5 

3 1 5 


iS 

12 

18 

24 

6 

12 

18 

24 


11.8 

19.3 
23.0 

2.3.3 


9.7 

15.5 

20.9 

22.7 


53.1 

98.2 

93.7 

92.8 


Loaf weight (g) 


0.16 

0.18 

0.17 

0.22 


34.5 

69.1 

88.2 
107.4 


1.14 

1.33 

1.47 

1.53 


18.0 

48.7 

70.5 

93.0 


2.06 

2.02 

2.06 

1.79 


292 

358 

383 

461 


185 

314 

337 

409 


ill both cases, approximately proportional to the light quantity, 
the slope of the (uxrve being somewhat steeper in the case of varied 
photoperiod. For leaf no. 1 the ascorbie aeid content is continually, 
though not proportionally, increasing with the light intensity; 
with increasing length of the photoperiod, however, it soon reaches 
a fairly constant level. Now it is known that the tomato plant is 
subject to certain disturbances in continuous light (Åberg 1941 
p. 37, 1943 p. 38), which, after sorne time, result in a strongly re- 
tarded growth. It is probable that these disturban ces also affect 
the translocation mechanisms, and, if this is the case, the special 
traits of the ascorbie acid distribution in (*4)ntinuou8ly illuminated 
plants is easily explained by the hypothesis suggested in Ohapt. 
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Daily light quantity, gcal/cnig • 24 h. 

Fig. 9. Relation botwoen asoorbic acid oontent of tomato leavcs and daily light 
quantity. The daily light quantity is varied either by changing the light intensity 
(-) or by changing the photopenod (-). 

4 (p. 256); in this case the transloc/ation from the older leaves to 
the youuger ones is retarded. 

In this eonnection the epinastic disturbances of the growth of the 
leaves are of interest. The quality of the light may cause similar 
disturbanees (Åberg 1943 p. 50), and in other eases similar growth 
cunditions probably result from retarded translocation (l.c. p. 51). 

In view of the possible influencie of the vertical gradient of the 
light intensity (p. 242) upon the distribution of ascorbic aeid in the 
plants, some measurements on the vertical position of the different 
leaves were made in eonnection with exp. VII. Leaves no. 1 and 
3 proved to be at approximately the same level, and leaf no. 5 to 
be situated at a level ca. 10 cm beneath them. There were no sig- 
nificant differences in this respect between the plants of the various 
chambers, and no appreciable shading of the fifth leaf by the younger 
ones. The conditions were similar in exp. IV. In exp. IV and VII 
the light intensity incident on leaf no. 5 was somewhat lower than 
that incident on leaf no. 1 and 3 and this must ha ve contributed to 
the diminution of the ascorbic acid content passing from the third 
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to the fiftli leaf. As a quite similar aseorbic aeid distribution was 
found nndor very different oonditions in exp. V (dayliglit) tliere is 
no reason to assign any iniportant röle to the eircumstanee just 
discussed. 

Diftnmion, The inerease of the ascorbie a(*id eontent with the 
length of the photoperiod found in the present investigation must 
(»ertainly be regarded as an effect of the inereasing daily quantity 
of light, a photoquautitative effeet (ep. Åbkrg 1941 p. 85, 83; 1943 
p. 21, 37). The abriormal distribution of the ascorbie aeid in the 
<*ontinuously illuniinated plarits, liowever, may be a jdiotoperiodie 
effeet in a narro w sen se (l.e.). 

Hkid (1942 a) found no inerease in the ascorbie aeid eontent of 
eoA\'pea plants plaeed under long day eonditions (natural day sup¬ 
plemented with weak ineandeseent light for 5 hoiirs). A shortening 
of the natural day from ea. 12 to 7 hours (9 a. m.-4 p. m.) resulted 
in a slight deerease, liowever, whieh may be assumed to be a photo- 
quantitative effeet. jLLYUViJflV & Ulaisova (1937) eultivated some 
plants in (tontinuous aretie daylight and on a daylength of 12 hours. 
They found a eonsiderable diminution of the ascorbie aeid eontent 
of some tropie sorrel speeies in the eontinuous light and this case 
ma-y be elassified as a truly photoperiodie effeet. 


6. EflPect of temperature. 

As to the effeet. of temperature upon the ascorbie aeid eontent of 
illuminated green leaves only a preliminary experiment, eomprising 
two different temiieratures, was made. 

Experiment VI 11, Tomato plants, sown on March 16, were ar- 
ranged in two equal groups and jilaced in two eontrol chambers on 
April 28, 1945. Their average heiglit was then 17 cm, their width 
23 cm, and the number of leaves, longer than 50 mm, ca. 6. The 
eombination of lainps (2 Na~1000 + 1 HgQ-500) was the same for 
botli chambers, the radiation intensity was 40 mgcal/cm’® • min, 
and the length of the photoperiod 16 hours. The temperatures were 
15.5 and 23.0® C. As there was no humidistatic equiprnent for the 
chambers the absolute deficit of the water vapoiir, whieh regulates 
the evaporation, eould not be equalized. Instead the partial pressure 
of the water vapour was about the same in the two cases. 

After 13 days the plants were harvested and analyzed. The results 
are presented in tab. 13. The plants eultivated at the higher tempe¬ 
rature were of a considerably lighter green tint and had more strongly 
elongated stems and leaf midribs. Further, the anthocyanic colora- 
tion of the leaf extraets was much weaker for these plants than for 
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Table 13. Ascorhic acid content (mgj 100 g) etc, of tomato plants 
af ter cultivation at different temperatures, Average values for 8 
plants. Exp. VIII. 


Tomp. 

' 

Height 

(cm) 

1 

Number 
of leaves 

Ascorbic acid content, 
leaf no. 

Leaf weight (g) 

> 50 mm 

1 

3 

5 

1 

3 

5 

15.r>" 

! 22 

1 

7.3 

120.2 

86.7 

81.0 

0.25 

1.47 

1.36 

23.0" 

29 

' 8.8 j 

91.2 

69.6 

62.6 

0.23 

0.97 

1.61 


those cultivated at 15.5° C. The ascorbic acdd content was ca. 30 % 
higher at 15.5° than at 23.0° C. The plants were richly watered 
during the experiment, and tbere can scarcely have been any 
shortage of water in the plants at the higher temperature. Thus, 
the decrease of the ascorbic acid content is probably a direct effect 
of the increase in temperature and is possibly caused by the acceler- 
ated growth and more rapid consumption (cp. Aberg 1943 p. 86). 

IHseussion. The relations between temperature and asciorbic 
acid content are probably different for full-grown plants, which are 
independent of reserve foods, and for seedlings. As to the former 
group the present investigation presents an inverse relation for the 
range 15-23° C. Decreasing ascorbic acid content witli increasing 
temperature was also found by Keid (1941 b) for relatively young 
shoots of cowpea plants, cultivated at 24° and 29° C in weak winter 
daylight. Moldtmann (1939 p. 338) found lowered content at 
higher temperatures for shoots of Fisum sativum (14-26° C), while 
the reverse was the case for Vida Faba. The shoots (fresh weight 
< 1 g) were very young, however, and the illuinination intensity 
is not given. Consequently these results can hardly be accepted as 
representative for assimilating green shoots. 

In the case of young seedlings germinatin^ in darkness, Eeid 
( 1941 b) has shown that the relation between ascorbic acid content 
and temperature varies with the duration of the experiment. At a 
higher temperature the synthesis of ascorbic acid is more rapid, but 
the consumption is also accelerated. Because of that the amount 
accumulated reaches the maximum value earlier than at the lower 
temperature, and the decrease also commences earlier. 

7. General discussion. 

The close connection between the intensity, or daily period of 
light, and the ascorbic acid content of the leaf blades is probably 
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caused by a photochemical synthesis of ascorbio acicl, or, at least, 
by a synthetic mechanism closely dependent upon a photochemical 
process. As has already beeii nientioned (p. 239, 259), however, 
there are also cases of ample production of aseorbic a(dd in the dark 
(sprouting seeds, young seedlings). For the present we have thus to 
distinguish between two different modes of aseorbic acid production 
in plants: 

7. The light-independent synthesis during the germination. 

2, The light-eonditioned formation in the greeri, photosynthetically 
active parts. 

The two processes may probably oceur simultaneously, e. g. in 
young seedlings beginning to assimilate carbon dioxide. In exeised 
roots aseorbic acid may be produ(ied, independent of light Eeid & 
Robbins 1942). Whether such a synthesis takes place also in the 
root systems of intaet plants is not known. To sonie extent, at least, 
their aseorbic a(*id may be assumed to derive from the shoot (cp. 
p. 257). 

Tlie proportionality between light intensity and aseorbic aeid 
content found in fullgrown leaves (p. 258) suggests that the light- 
eonditioned synthesis is here wholly prevailing. In many cases, 
however, it has been shown that the aseorbic acid content of full¬ 
grown plants is not entirely depleted, even af ter a fairly long period 
of darkness (Giroud et al. 1935, 1936, Matsuoka 1935 XVII, 
Mc Intosh 1938). Further investigations are neeessary on this 
point, but for the present we may assiime that a change to light- 
independent synthesis oceurs in plants which have to live on their 
reserve substances for a considerable time. 

For the diseussion of the nature of the light-(*onditioned synthesis 
the following faets are of interest: 

7. The green parts of the plants are as a rule rich in aseorbic acid 
and they often show a higher content than the parts devoid of 
chlorophyll (Bessey & King 1933, Giroud et al. 1935). It is 
also probable that the aseorbic acid eoneentration is relatively 
high in, or close by, the chloroplasts (Giroud 1938 p. 112-123, 
Weier 1938, Bukatsch 1939, 1940). 

2. Ultraviolet radiation has no appreciable effeet upon the formation 
of aseorbic acid (p. 247). 

J. The radiation in the range 400-500 in[x is not neeessary for the 
normal course of the synthesis (p. 247, 259). Probably its effeet 
is equal to, or somewhat lower than, that of the light of longer 
wave-lengths. 

Under these circumstances it seems most natural to presume a 
process sensitized through chlorophyll. With regard to the circum¬ 
stances mentioned as point 3 no essential r61e as sensitizers can be 
ascribed to the carotinoids, and the fairly often existing parallelism 
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between the ascorbic acid and the carotenoid content of fruits etc. 
(Giroud et al. 1936) must probably be explained as a secondary 
phenomenon (Dischendorfer 1937). Yet the possibility that the 
carotinoids take some part in the ascorbic acid synthesis is not de- 
finitely excluded. 

A chloropliyll-scnsitized ascorbic acid synthesis must naturally 
be related to the carbon dioxide assimilation in sonie way or other. 
Hypotheses to this effect were proposed very early on. Some authors 
have suggested a connection of unspecified nature (Giroud et al. 
1935, Giroud 1938 p. 144, Ijdo 1936, Beid 1942 a p. 217), but 
otliers have developed more detailed, though experimentally not 
yet sufficiently grounded, lines of thought: 

], The ascorbic acid plays a röle as an activator or an intermediate 
step in the formation of carbohydrates: Bbssey & King (1933), 
Euler & Klussmann (1933), West & Ney (1936), Bukatsch 
(1939), Kohman & Porter (1940). 

2. The ascorbic acid is formed as a by-product of the photosyn- 
thesis: Euler & Klussmann (1933), Bischendorfer (1937). 
The ascorbic acid is a transformation x)roduct of primarily formed 
glucose: Moldtmann (1939). 

At any ra-te the existence of a light-conditioned ascorbic acid 
synthesis may be taken for granted, and it gives the natural ex- 
planation of the following groups of facts: 

/. The distribution of the ascorbic acid in the plant. As a rule the con- 
centration is highest in the illuminated, chlorophyll-containing 
parts, esp. in the leaf blades (Giroud 1938, Moldtmann 1939). 
Further, it increases with the exposure to the sun of the leaves 
or parts of them (Mo Intosh 1938) and is thus highest in the outer 
leaves of cabbage and lettuce heads (Bobinson & Courtice 1940, 
ScHÄTZLEiN & Fox-Timmmng 1940, Sheets et al. 1941). The 
concentration is higher in fruits exposed to the sun than in shaded 
ones (IIARDING et al. 1939, 1942, Kessler 1939, Mc Collum 
1944), and highest in the exposed side of the fruits (äpples: 
Paech 1938, Murphy 1939, Kessler 1939; tomatoes; Mc In¬ 
tosh 1938, Mc Collum 1944) and in their outer parts (Budra 
1936, Giroud et al. 1936, Todhunter 1939). 

2. The diurnal fluctuation of the ascorbic add content of the leaves 
or shoots, with the maximum value in the daytime, which has 
been established for several species of plants (Giroud 1938 p. 
148, Moldtmann 1939, Beid 1941 a, 1942 b, Smith & Gillies 
1940; cp. however the negative results of Platbnius 1945). 

3. The changes of the ascorbic acid content with the meteorological con- 
ditions and the time of year. In several cases a decrease of the 
as(5orbic acid content during rainy and cloudy periods (Moldt- 
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MANN 1939 p. 317, Reid 1942 a, Schxjphan 1942, Josefsson 
1944, IlANSEN & Waldo 1944, Kaski et al. 1944) or durinj? tlie 
darker part of the year (Giroud et al. 1936, Lunde & Lie 1938, 
Eetd 1942 a, Platenius 1945, Hansen 1945) has been observed, 
and this phenoinenon is certainly related to the variation of light 
conditions, even if complications may often arise from the si- 
multaneous variation of temperature, the developmental stage 
of the plants, and so on. 

4, The effeets of location upon the ascorbic aeid content are also in 
inany cases cansed by the varying light conditions. Norris 
et al. (1937 p. 431) found an increased content in dcep water algae, 
which had been placed in the strongly illuminated water layer 
just beneath the surface. For turnip greens cultivated at various 
locations with different weather conditions Reder et al. (1943 
p. 384) found an inverse relationship between the ascorbic a(*ld 
content and the amount of rainfall. Also the increase of the con¬ 
tent with increasing height above the sea level (Blagoveshciien- 
SKY 1937) may possibly be i)artially caused by the varying light 
conditions. 

• As is shown by the darkening experiments (p. 253) the ascorbic 
acid of the leaves may be rapidly consumed, and the normal content 
must be regarded as the result of processes counteracting and ba- 
lancing each other. The accumulation of ascorbic acid is naturally 
dependent upon the synthesis, but in young growing organs also 
upon the translocation from the fullgrown leaves (p. 256). The de- 
pletiou is probably caused by an oxidative degradation, beginning 
with the formation of dehydroascorbic acid, and, in the case of full¬ 
grown leaves, accelerated by the translocation process. This being 
the case, it seems necessary for the further analysis of the light 
effeets to aim at the direct determination of synthetical and meta- 
bolical rates instead of the more schematic observation of the equili- 
brium point as reflected in the aetual ascorbic acid concentration. 
Such studies are now in progress. 

The present investigation is wholly restrieted to the ascorbic 
acid content of green leaves. For fruits we can expect partially 
different relations, and a diseussion of the rather extensive literature 
bearing upon the fruits of the tomato plant, the leaves of which have 
been the chief object of the present study, may be of interest. 

Most investigators found an increase of the ascorbic acid content 
during the maturation of the fruits (House et al. 1929, Giroud 
et al. 1936, Moldtmann 1939 p. 313, Brown & Moser 1941, Mub- 
PHY 1942, Hamner & Maynard 1942, Lo Coco 1945; cp. however 
WoKES & Organ 1943, Kaski et al. 1944). Increased differences 
may arise during storage (Hamner et al. 1945), and in ripe fruits 
the content may decrease after a period of relative constancy (Lo 
Coco 1946). 
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The degree of sun exposure has a profound influenee upon the 
ascorbie acid content. Veselkine et al. (1934 a) kept some de- 
veloping fruits in dark bags and found their ascorbie acid content to 
be only a fifth of the normal one. Wokes & Organ (1943) found a 
somewhat lower content in ripening tomatoes stored in the dark than 
in those stored in sunlight; ultraviolet radiation had no appreciable 
effect. Brown & Moser (1941) found a higher content for fruits 
from vines supported on poles and suggested this to be caused by 
a greater sun exposure for the fruits. The importance of this factor 
was then elucidated by Mc Collum (1944) in experiments specially 
<ie8igned for that purpose. Hamner et al. (1945) transferred whole 
tomato plants at different developmental stages from sunshine to 
shade and vice versa, and found the effect of shading to be produced 
during the i)eriod just before the ripening of the fruits. The same 
investigators also found an increase in the ascorbie acid content with 
the length of the photoperiod (artifieial light in control chambers). 
With a 16 hour day the content was, however, only 17 % higher than 
with an 8 hour day. 

Also within the fruits the ascorbie acid concentration varies 
with the degree of sun exposure. The content of their upper halves 
inay thus be considerably higher than that of the lower ones, and 
for the exposed side, at least, the content of the outer parts is higher 
than that of the inner ones (Rudra 1936, Wokes & Organ 1943, 
Mc Collum 1944). As a consequence of such a distribution a nega¬ 
tive correlation between fruit size and ascorbie acid content is to 
be expec.ted. Jn several cases it was also found (Mc Henry & 
Oraiiam 1935, Brown & Moser 1941, Keynard & Kanapattx 
1942, Wokes & Organ 1943), but in other cases it was lacking 
(Maclinn & Pellers 1938, Hamner & Maynard 1942). For to- 
inato fruits of less than 30 g weight Hallsworth & Lewis (1944) 
found a rapid and highly significant increase of the ascorbie acid 
content with decreasing weight (correlation coeff. -0,94), but the 
fruits of 30 g or more gave a nonsignificant coefficient of -0.03. 

Tomatoes grown in greenhouses may have a cöusiderably lower 
ascorbie acid content than those simultaneously ripening out of 
doors (Brown & Moser 1941, Wokes & Organ 1943), and this seems 
t.o be the case when the light transmission of the houses is low. 
In houses with a high transmission no definite differences oceur 
(Mc Tntosh 1938, Hamner et al. 1942, 1945). Tomatoes which have 
matured during the darker part of the year have appreeiably lower 
ascorbie acid values than summer-ripened ones (Ourrence 1940, 
Bchätzlein & Fox-Timmjang 1940, Hamner et al. 1942, Holmes 
et al. 1943). 

In conclusion it may be said that the present experience favours 
the assumption of a double origin of the ascorbie acid in the tomato 
fruits (cp. Hansen & Waldo 1944): 
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1. Some ascorbic acid is present also in wholly darkened fruits 
and is probably transported tbere from othcr parts of the plant. 
Possibly, however, it is partially synthesized by a light-independ- 
ent process (cp. West & Zilva 1944). 

2 . In the outer parts of the fruits, at least, considerable amounts 
of ascorbic acid are produced under the influence of light by a 
process which is probably dependent on the chlorophyll initially 
l)resent. 


8. Summary. 

Tomato and kale plants have been grown under various conditions 

of light and temperature, mainly in artificially lighted control 

cbambers, and the ascorbic acid contcnti of tlie Icaf blades determined. 

The chief results are as follows: 

1. The rays of the blue-violet end of the spectrum have no specific 
or indispensable function in the synthesis of ascorbic acid. 

2 . In full-grown tomato leaves there is an approximate proportiona- 
lity between light intensity and ascorbic acid content up to an 
intensity of ca. 80 mgcal/cm^ • min in the range below 700 mjx. 

3. At low light intensities there is a rapid decrease of the ascorbic 
acid content with increasing leaf age. With rising light intensity 
this decrease is gradually changed into an increase. 

4 . In darkened tomato plants the ascorbic acid content is rapidly 
decreasing. The maximum decrease was found in the nearly 
full-grown leaves. In leaves severed from the plant the decrease 
is strongly retarded, an effect whicli is probably dependent upon 
the cessation of the outward translocation of ascorbic acid. 

3. The effect of increasing the photoperiod is comparable to that of 
increasing the light intensity, and is, therefore, thought to be 
essentially »photoquantitative» in character. The abnormal 
distribution of the ascorbic acid in continuously illuminated to¬ 
mato plants may, however, be a photoperiodic effect in a narrow 
sense. 

6 , The ascorbic acid content of tomato leaves was ca. 30 % higher 
for plants cultivated at 15.C than for those cultivated at 23.0° C. 

7 , It is suggested that there are two different modes of ascorbic 
acid production in plants: 

a) a light-independent synthesis, prevailing in sprouting seeds, 
and 

b) a light-conditioned synthesis, which is probably connected 
with the assimilation of carbon dioxide. 

8 , The factors regulating the ascorbic acid content of tomato fruits 
are discussed with regard to the present findings on synthesis 
and translocation. 
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1. Introduction. 

Of the mitrient elements, N, P, K and Oa deserve special attention 
because the concentrations and availability of these in cultivated 
soils primarily determine the croii. At present, K and Ca are easily 
deterniined by means of the H. Lundegårdh flame method (H. 
Lundegårdh 1934, p. 39 //.), whereas N and P can only be deter- 
mined by Chemical analysis. The spectrographic estimation of N en- 
counters serious difficulties and requires emission in vacuo with an 
electric spark (c/. K. Pfeilsticker 1940), owin^? to the high con- 
centration of this element in the atmosphere. On the other hand, 
the spectrochemical determination of P would seern to be possible. 

Considering the physical properties of the P atom, the Mgh first 
ionization potential — 11,11 volts is remarhahle. In a previous paper 
(P. H. Lundegårdh 1946, pp. 11—24), I determined traee elements 
in minerals and rocks using Siemens 8 mm spectral carbon electrodes, 
a continuous low-voltage are (110 volts, 4 amps), a Littrow spectro- 
graph (Hilgbr Large, quartz) and the H. Lundegårdh L/H photo- 
metric method (Ch. II). Special attention was paid to Zn, an ele¬ 
ment of comparatively high first ionization potential (9.36 volts). 
I showed (Z.C., p. 12, Pig. 2) that the emission of Zn, as expeeted, 
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is highly disturbed by the presence of elements of low first ioniza- 
tion potential, e,g. Na (5.12 volts) and K (4.32 volts). Nevertheless, 
the use of standard mixtures and samples of approximately the 
same general composition rendered reliable quantitative determi- 
nations possible, though only when the exposure times were short, 
15 sec. (Lc.j p. 23, Table 6). It might therefore be suspected that 
even P might be determined quantitatively by rneaiis of spectral 
analysis. In January 1946, an investigation of the value of this 
idea was started. The results obtained are recorded in the following 
text. 


II. Methods and Preparations of the Material. 

In the are, P emits four eharaeteristie spectral lines: 2534.01 A 
(V, 252), 2535.65 Å (1, LL», 50), 2553.28 Å (I, LL, 40) and 2554.93 Å 
(I, 30). Owing to their low intensities, the first and fourth lines are 
not suitable for quantitative determination of low P (»oncentrations. 
The second line is highly disturbed by Fe I = 2535.61 Å, even at 
high dispersion of the spe(*trograph. Only the third line thus remains. 
The coincidences here effected by Co I 2553.37 Ä and Cr 1 = 
2553.06 Ä are negligible in samples of plant materials. In the con- 
tinuous are, P - 2553.28 Å, however, suffers from oecasional disturb- 
anees of the emission. It therefore proved neoessary to use some 
other source of heat energy. 

Some years ago, K. Pfbtlsticker (1937, 1940) applied an inter- 
mittent are, started by a high-voltage spark, to the spectrographic 
determinations of various elements. The Pfeilstickeb rnethod is 
an important iniprovement in spectral analysis. In Sweden, S. Lan- 
DERGREN (1945; c/. Ch. V) and P. II. Lundegårdh (1946) determined 
B in several rocks and sediments by means of this rnethod. The 
(‘Icctrical Circuit used by Landergren (1945, I, p. 4, Fig. 2) suffers, 
however, from a nuinber of apparent peculiarities. The llg-relays, 
for inst., are put in series, which means that the high-voltage spark 
Works all during the are periods instead of stopping immediately 
after the start of each intermittent are. The positions of the variable 
resistance and ammeter of the are Circuit are also interesting. Indeed, 
Landergren^s scheine shows that the relay and are cireuits have 
these attributes in eommon, 

The Pfeilrticker rnethod is also well adapted to the maintenance 
of a constant emission of P. In the modification applied to the spec¬ 
trographic determination of P, the sample was heated by means of a 
low-voUage are (110 volts d.c., 4 amps) started by a high-voltage 

^ Neutral atom line. 

* Relative intensity. 

* Ultimate» or persistent, line. 
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L/H,\ 1000 



0 5 10 15 20 25 30 


P, millimol/100 g 


Fig. 1. Traiisparenoy curvc of P - 2553.28 Ä. ITiujkr Largc, quartz. Oats 
sairiplos (K — 55 —85, the Ca coiiooiitrations aro ropresented by the numbors in 
tho (Jiagram). (^aistant addition ---- 50 Li and 50 Zn. 5 imn Al electrodes. The 
duration of oaoh oxposuro - - 110 se<-. Tho tranaparen(*y c iirve corresponds to 
samplos containing K = 50— 70 and Ca = 00- -80. All ooricentrations expressed 

in nnllimol/100 g. 


L/HX 1000 
1000 . 



I - r" . " ^-1-1-1--—1 

0 5 10 15 20 25 30 

P, millimol/100 g 

Fig. 2. Transparency curve of P == 2553.28 A. Hilger Medium, quartz. Oats 
samples (K = 45—85, the Ca concentrations are represented by the numbers in 
the diagram). 6.6 mm Al electrodes. The duration of each period of the intermittent 
are here — sec. For further explanations, see Fig. 1. 
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3. Donsity curve of P — 2ö53,28 Å. Hilger Medium, quartz. For samples 
tuid experimental eontlitions, see Fig. 2. The density curve corresponding to Fig. 1 

is similar. 


Hpark (70,000 volts). The image of the are was projeeted on the 
slit (width = 0.025 mm) of a large Hilgee quartz spectrograph 
(8000—2000 Ä e. 670 mm) by means of a condenser lens (quartz, 
f — 70 mm). The electrode gap was constantly held at 3.5 mm, the 
magnified image of the gap in the plane of the slit being 27 mm. 
The frequency of the intermittent are was 58 periods per minute, 
the duration of eaeh are period see. 

The quantitative data of the exposed and developed spectral 
plates were measured by means of a H. Lundegåedh photometer 
(H. Lundegåedh 1936, p. 63 //.). In the following, L means the 
transparency (viz. galvanometer reading) of the line measured, H 
the transparency of the background close to the line. As H is seldom 
eonstant, mean values or, in the case of discontinuous bands origin- 
ated by the electrodes, maximum values, must here be used (cf, 
E. Noeindee 1939, p. 546, Pig. 18). The H. Lundegåedh L/H 
method (H. Lundegåedh 1934, p. 26 //.) implies that the trans- 
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paren(*y of tlie liru* is refemni to the transparency of its baokground. 
Figs. 1 —2 show tho transparency enrve of 2553.28 A. We 
instantly observe the marked flatness of t his eurve in the concentra- 
tion interval eonsidered, a disadvantage when trying to attain high 
aecuracy in the quantitative speetrograpliie det(*rmination of P, 
unless the mean value of a nuniber of parallel exposures of each 
sample analysed is calculated. By using suitable eleetrodes and a 
eonstant addition of certain elements to the samples analysed, this 
disadvantage can, however, be compensated for (see the following 
chapters). We also observe that L/IT 1000 is as low as c. 940 
when no P is present in the samples analysed. This is due to the 
presence of diseontinuous bands produced by the electrodc» material 
(here -Al) in the spectral region eonsidered. As the intensities of these 
bands are always eonstant in the speetra reeorded, they do not, how¬ 
ever, affeot the aecuracy of the speetrograpliie determination of P. 

Fig. 3, the density eurve of 1* — 2553.28 A, shows that P < 7— 8 
millimol/100 g sample cannot be deterniined witli sufficient aecuracy, 
unless very highly sensitized plates are used. 

The samples investigated eonsist of green leaves of eereals and 
(jlover. The leaves were dried at lOh"" C and ground. The following 
approximate densities (Df? ) of various powders were obtained: 
clover “ 0.35, wheat 0.25, oats — 0.21, rye 0.17. The powders 
of low density, c./y. the rye samples, frequently showed anonialous 
emission and always gave weak lines, owing to the insufficient quan- 
tity of mineral ash remaining after the eonstant preliminary heating 
to whieh all samples investigated were exposed in order to decompose 
and volatilize their organic comi)Ound8. All samples were also ana¬ 
lysed colorimetrically for P and by flame analysis for K and Ca. 


III. Spectrographs, Ellectrodes, Pholographic Plates. 

As was mentioned in Ch. II, a large ITilger quartz speetrograidi 
(Littrow system) was used for the present investigation. The 
simuUaneous determinations of certain elements, e,g, P, Ca and K is, 
however, impossible with such an instrument, owing to the division 
of the normal spectrum (2000—8000 A) into three parts, each one 
of which is exposed separately, Now, the simultaneous determination 
of various elements in, e.g,, plant samples is in many cases quite 
important. The use of medium speetrographs for the spectral 
analysis of P therefore had to be tested. Fig. 2 shows the trans¬ 
parency eurve of P = 2553.28 A obtained by means of a medium 
Hilger quartz spectrograph (8000—2000 A e. 240 mm). Owing 
to the smaller dispersion, the intensity of the spectrum is greater 
than that produced by Hilger Large under similar experimental 
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Table T. 8 mm G electrodea {hore = 5 mm) compared with 5 mm Al 
electrodea (bore -- 4 mm) by meana of a aeriea of elover aamplea and the 
tranapareney (L/H x 1000) valuea of P 2553.28 Ä. Conatant 
preliminary heatinga (aee the end of Gh. II) ~ 30 aec. {G) or 15 aec. 
(Al), the duration of each expoaure ^110 aec. All concentrationa ex- 
preaaed in millimolllOO g aample. K = 40 — 70, Ga r=r 80 — 95. Gon- 
atant addition (aee Gh. IV) = 50 Li and 50 Zn. 


p 

L/H X 1000 

Do 

, M 

(L/H, max.—L/H, min.) X 1000 

C 

Al 

C 

1 

C 

Al 


021 

900 





7.7 

071 

888 

659 

896 ! 

63 

12 


084 

899 






648 

892 


1 



8.0 

661 

897 

676 

895 

72 

5 


720 

896 


i 




682 

871 


1 



10,0 

728 

871 

685 

874 

85 

10 


643 i 

881 






570 

859 1 



1 


HU 

627 ! 


625 

869 ’ 

107 

27 

1 

677 i 

861 i 



j 



corulitions. This difficulty could be eliminated by the aid of a rotat- 
inf? sector or by a decrease of the duration of each period of the 
intermittent are. The resultirig tranapareney curve (Pig. 2) is charac- 
terized by the sarne trend as that obtained with Hilger Large (Fig. 1) 
and thus confirms the absenee of eoineidenees with other elements 
present in the series of plant sainples under consideration. There 
are eonsequently no objeetions to the simultaneous determination 
of P and various other elements in, at least, plant samples. 

Of the various eleetrode materials tested, 0 and Al gave the best 
results. Cu could not be used, owing to the occurrence of intense 
and discontinuous Cu bands in the spectral region between 2530 and 
2555 Å, Al also produces discontinuous bands in the upper part of 
this region, though these are weak and always constant (cf. Ch. II). 

In order to investigate further the usefulness of C and Al eleetrodes, 
the variations of the L/H x lOOO values of a series of elover samples 
(three parallel exposures of each sample) were caleulated (Table I). 
The significance of the variations obtained is clear. C eleetrodes 
(8 mm diameter) cannot be used when applying the L/H method 
to the photometric work. The only way would be here to substitute 
for H the L value of a suitable referenee element (see the next Ch.). 
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Table II. 5 mm Al eledrode» (bore — 4 mm) eompared with 6,5 mm 
do, (bore = 5,5 mm) by means of the transparency values of P = 
2553,28 Ä obiained from two parallel series of suecessive exposures of 
a elover sample, Constant préliminary heating = 45 sec,, the duration 
of each exposure = 105 sec. All concentrations expressed in millimolj 
100 g sample, P = 10.1, K = 55, Ca = 95. Constant addition = 

50 Li and 50 Zn. 


L/H X 1000 

ö 

p 

(L/H, max.—L/H, min.) X 1000 

Al — 6 mm 

Al ' 6.5 mm 

Al = 5 mm 

Al —6.5 mm 

Al = 5 mm 

Al "" 6.5 mm 

808 

809 

1 

i 

1 




836 

799 

800 

796 

' 814 

798 

37 

22 

814 

787 


1 1 
1 




Table III. Fresh 6.5 mm Al electrodes eompared with re-eleaned and 
re-bored do, by means of rye and cl<yeer samples and the transparency 
values of P = 2553,28 Ä. Constant préliminary heating = 15 see,, 
the duration of each exposure = 105 see. All eoneemtrations expressed 
in millimolllOO g sample, P = 8, Ca = 75, K = 50. Constant 
addition = 50 Li and 50 Zn. 


Al ~ 6.5 mm, fresh electrodes, 
rye sample 

Al - 6.5 min, re-eleaned and ro-bored 
electrodes, elover sample 

L/H X 1000 

(L/H, max.—L/H, min.) 
X 1000 

L/H X 1000 

(L/H, max,—L/H, min.) 

X 1000 

885 


811 


883 


809 


880 

5 

785 

40 

881 


825 


883 


815 



Al electrodes (5 mm diameter) are, on the contrary, well suited to 
spectrographic P determinations. The differences obtained between 
the extremes of three parallels are as a rule rather low; the trend 
of the L/H X1000 values is satisfaetory. Only the sample P == 10.1 
shows insufficient agreement between the three parallels. 

In order to avoid siich a high variation as is displayed by the 
sample P = lO.l, a number of 6.5 mm Al electrodes (5.5 mm bore) 
were prepared. A comparison between these and the 5 mm Al elec¬ 
trodes (4 mm bore) used earlier decidedly favoured the former 
(Table II; see also Table IV). The transparency values are both 
lower and more uniform when using 6.5 mm electrodes. 
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Table IV. The eminsion of P = 2553,28 Ä on increasing additions 
of K or Ca to a clover sample, Two separate plates, 5 and 6.5 mm Al 
electrodes. Gonstant preliminary heating = 15 sec,, ihe duration of 
each exposure = 105 sec. All concentrations expressed in millimoll 
100 g sample. P = 10.1. Gonstant addition = Li 50 and 50 Zn. 


K 

Ca 

L/H X 1000 

Do., M 

(L/H, max.—L/H, min.) 
X 1000 



Al ~ 5 mm 

Al = 6.5 mm 

Al—5 mm 

Al - 6.5 mm 

Al - “ 5 mm 

Al —6.5 mm 

73 

80 

847 

885 





73 

80 

871 

866 

852 

875 

32 

19 

73 

80 

839 

875 





123 

80 

904 

881 





123 

80 

804 

897 

879 

884 

40 

22 

123 

80 

8(>8 

875 





173 

80 

903 

908 





173 

80 

903 

913 

905 

907 

6 

14 

173 

80 

909 

899 





73 

130 

858 

856 





73 

130 

859 

861 

850 

861 

25 

10 

73 

130 

834 

866 



i 

1 

73 

180 

861 

880 





73 

180 

849 

869 

863 

874 

29 

11 

73 

180 

878 

873 






Special attention must of course be paid to the condition of the 
electrodes. As is evident from Table III, re-cleaning and re-boring 
of old electrodes is not advisable. A very small variation of five 
replicates was obtained when using fresh electrodes, although the 
sample here analysed, rye leaves, was rnore sensitive to emissional 
disturbances, owing to its low density (ef. the end of Ch. II), than 
was the clover sample investigated with the aid of re-cleaned and 
re-bored electrodes. 

The photographic plates used during the present investigation were 
panchromatic and sensitized for short exposure times (Ilford Eapid 
3'rocess Panchromatic). As is evident from Table IV and Fig. 5 
(rye), the sensitivity of the plates was, however, not constant. 


IV. The Emission of P as Influenced by Various Other 

Elements. 

The emission of the investigated samples in the pure State was 
not satisfactory, especially in the case of powders of low density 
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Table V. The emission of P ^ 2f5ö3.28 Ä on addition of various 
foreign elements to a clover sample, 5 mm Al electrodes, Constant 
preliminary heating ™ 15 sec.j the duration of eaeh exposure = 105 
see. All coneentrations expressed in millimoll 100 g sample. P = 
10.1, K ~ 55, Ca ~ 75. The V values helow the various additional 
elements indicate first ionization potentials. 


Additional quanti 

Na : Li 

5.12 V 1 5.3(5 V 

tioH of 

Zn 

9.36 V 

L/Hx 1000, 
M(n- 3) 

(L/H. max.—L/H, min.) X 1000 

0 

(. 

0 

860 

30 

100 

0 

0 1 

890 1 

20 

0 

100 

1 

870 ; 

25 

0 

50 

50 ; 

865 

15 

0 

0 

100 1 

845 1 

30 


(see the end of Ch, II). The si)ark sonietirnes failed to start the inter- 
mittent are. Chloride Solutions of various elements were therefore 
added to the samples, these being afterwards re-dried at 105®. 
The results of the additions are reeorded in Table V. Additions of 
K and Ca could not be tested here, becausc the sirnultaneous de- 
termiiiation of these elements in plant samples was one of the ain)8 
of the aetual investigation though not belonging to the seope of this 
paper. 

The sirnultaneous addition of Li and Zn 50 millimol/lOO g 
sample gave the best emission as wcll as suitable line intensities and 
was therefore applied to most samples investigated. The intensifica- 
tion of the P emission (1^1 = 11.11 volts) obtained on addition of 
Zn (Zn 1 - 9.36 volts) will be discussed later. 

The seope of this chapter also includes a diseussion of the use 
of various referenee elements in photometrie work. Such an element 
must evaporate in the same manner as the element to be determined. 
Furthermore, it must ha ve almost the same first ionization potential. 
From this point of view, Or may be used as a referenee element 
for V, and vice versa, since V I = 6.76 volts and Cr I = 6.74 volts. 
On the other hand, their boiling points differ considerably (V, 3000® 
C; Cr, 2200® C). As regards P, no reliable referenee element, how- 
ever, radiates in the vicinity of P 2553.28 Å. 

As all plants under different growth eonditions show variable 
nutrient contents especially of both K and Ca, the disturbing effeet 
of these elements on the emission of P must obviously be caleulated 
and compensated for. K I ionizes at 4.32 volts, Ca I at 6.09 volts. 
As is evident from P. H. Lxjndegåedh 1946, p. 12, Fig. 2, the in- 
tensity values of the Zn rays (Zn I = 9.36 volts) decrease rapidly 
on addition of K, whereas the negative emissional influence of Ca 
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900 


850 


800 


0 50 10(» 150 200 250 300 350 

K, millimol/100 g 

Fig. 4. Tho ornisflion of P 2553.28 A as influencod by increasing conccntrations 
of K in clover showing P 10.1 (Ca = 80—95, the higher K concentrations re- 
presentod in the diagram obtained by addition of K.Cl to tho samplos). 0.5 mm Al 
tdortrodes. The duraiion of each exposure = 110 sec. Constant additions — 50 
Li and 50 Zn. Open eircles — first senes of recordings, filled circles ~ socoinl do. 
AU concentrations expressed in millimol/100 g. 



i8 far less. With P, similar trends might be expeeted. On addition 
of K to elover constantly containinf^ Li and Zn - 50 millimol/lOO g 
sample (e/. above), an increase of the transpareney vales of P = 
2553.28 Å was also observed (Fig. 4). The trend is not linear, how- 
ever, owiiig to disturbanees due to varions other components of the 
samples analysed. Comparing Fig. 4 with Fig. 2 in P. H. Lunde- 
(1ÅRT)H 1946, p. 12, we observe that the disturbanee eurve for P is 
far flatter than that for Zn. This is apparently due to the marked 
flatness of the transpareney eurve of P in the eoneentratiou interval 
eonsidered (Figs. 1—2). 

On sueeessive additions of Ca to plant samples, in tlie presenee of 
Li and Zn ~ 50 millimol/lOO g, we find a peculiar trend of the 
disturbanees of the P emission (Fig. 5). As was mentioned above, 
the Zn emission decreases markedly on addition of K, whereas the 
deerease is rnueh less on addition of Ca. The effeet of K on the 
emission of P must eonsequently be expeeted to conceal the simul- 
taneous stimulation caused by the presence of Zn (see Table V), 
whereas the negative effeet of Ca cannot wholly conceal the positive 
effeet of Zn. It is especially interesting that a rather small addition 
of Ca to the samples greatly weakens the P lines, whereas a medium 
addition weakens them only moderately. As is to be expeeted (Fig. 
5), larger additions cause greater weakenings. 

Fig. 6 shows that these disturbanees of the spectral emission are 
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L/Hx 1000 



I-1-1-1-1-1 

0 50 100 160 200 250 

Ca, millimol/100 g 

Fig. 5. The omisaion of P = 2553.28 Å as influenced by incroasing additions of 
Ca to various plant aamples constantly containing 50 Li and 60 Zn. Curvo 1 — 
7.7 P (rye, plato I), curve 2 — 10.1 P (clover), curve 3 — 7.7 P (ryo, plate II), curvo 
4 = 7.8 P (whoat). For furthor cxplanationa, soe Fig, 4. 

L/HX 1000 



I---1- , --- —.I -1 

0 60 100 150 200 260 

Ca, millimol/100 g 

Fig. 6. The emission of P — 2553.28 Å as influenced by increasing additions of 
Ca to wheat showing P = 7.R and being constantly added 100 Li (c/. Fig. 6). For 
further explanations, see Fig. 4. 
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Table VI. The emission of P === 2553.28 Ä on increasing additions 
of Fe to an oats sample. 8 mm C and 5 mm Al electrodes. Constant 
preliminary heating == 30 (G) or 15 (Al) see., the duration of each 
exposure ^120 (C^) or 105 (Al) see. All eoneentrations expressed in 
millimoll 100 g sample. F = 3.4, K = 60^ Ga = 23. Gonstant addition 
= 50 Li and 50 Zn. 



L/H X 1000 

Do., 

M 

Fe, additional quantity 



- 

— 


C 

Al 

C 

Al 

0 

924 

928 

945 

943 

i 

926 ! 

1 

944 

25 i 

1 i 

095 

704 

1 

924 
! 905 

! 

1 1 

i 700 1 

915 

1 1 

i i 

1 510 





1 484 


501 , 

— 

j 100 1 

; 510 

j 

1 



really due to the constant presence of Zn in the sainx^es. The eurve 
here represented is, indeed, similar to those in Fig. 4, though far 
flatter as a conseqiience of the medium first ionization potential 
of Oa. 

It is thus evident that a constant addition of Zn to the samples 
analysed requires standards and samjdes of very similar Ca con- 
centrations, wh('reas differences in the K eoneentrations can be easily 
calculated and com pen sated for by means of curves similar to those 
in Fi^. 4. The mere constant addition of Li (c. 100 milliinol/IOO g) 
is recommended when no standards with suitable Ca eoneentrations 
are available. Iii this special case, the K eoneentrations of standards 
and samples must of eourse be almost the same. SimuUaneous dif¬ 
ferences of the K and Ca eoneentrations in standards and samples 
(‘an only be compensated for by means of the rather intrieate cal- 
( ulation of the mutual influences of K and Ca in their disturbaneo 
of the P emission. As such a caleulation eannot be made exaet 
Avhen applied to plant samples, it will not be considered here. 

Iteturning to Table IV, we observe that the variation of the L/H x 
J 000 values of three parallel exposures is very low on addition of Li = 
^>0, Ca = 50 and Zn = 50 millimol/100 g to a sample originally con- 
taining Ca = 80. The resulting Ca eoncentration, 130, corresponds 
Hpproximately to the second minimum of the curves in Fig. 5. The 
exaet position of this minimum depends of the general charaeter 
of each special kind of plant investigated. As is evident from Fig. 5, 
Uie second minimum in clover appears at Ca — 115—130 millimol/ 
100 g, whereas the second minimum in rye is at Ca = 136—145. 



286 


Per H. Lundegårdh 


Table VII, Maximum variations of the tramparenvy values of P = 
2553/28 Å encountered in a numher of parallel exposures of various 
plant samples, 6.5 mm Al electrodes. Gonstant preliminary heating 
— 15 sec.j the duration of each exposure 105 sec. All coneentrations 
expressed in millimoljlOO g sample. Gonstant addition — 50 Li and 

50 Zn. 


p 

Ca 

Number of 
parallols 

Maximum variation en- 
countored in a sen os of 
parallels 

L/H X 1000, 

8 

91—120 

34 2 

18 

835 


121—150 

3 + 2 

10 

860 

10 

151-180 

3 

i 

875 

! 8 

i 181-210 

3 f 3 

20 ! 

875 


Among otlier elements always present in plants and higlily in- 
fluencing the emission of P, we shall mention Fe. During the presemt 
investigation, it was soon suspeeted that the emissional di sturban (*.es 
caused by this and similar elements might differ very much from 
those encountered when studying K and Ca. We have seen (Table V) 
that Zn stimulates the emission of P although it shows lower first 
ionization potential (9.36 volts) that the latter element (11.11 volts). 
It is interesting that Fe behaves similarly (Table VI) though possessing 
as low a first ionization potential as 7.83 volts. As regards Zn, the 
stimul ating effe(*t on the emission of P may be essentially due to the 
intensification of the burning of the intermittent ares caused by th(j 
rapid evaporation of Zn. Such an explanation is, however, not 
applicable to the effeet of Fe. In this case, ionic interaetions in the 
are might be suspeeted. Similar interaetions of Ca and Sr have been 
deseribed by L. Huldt (1944, 1946). 

These faets demonstrate clearly the need of Chemical correspond- 
ence betweeii the samples and standards employed in the speetral 
analysis of P not only with respect to K and/or Ca but also regarding 
various other elements. Now, the Fe eontents of the plants samples 
investigated in this paper were both low and fairly constant, but 
exceptions may very well appear when examining largcr series of 
samples or other kinds of plants. 


V. Accuracy. 

The accuracy of the quantitative spectrographic determination 
of P is a funetion of several faetors, among which the charaeter 

1 The peculiar trend of these values is due to the variable sensitivity of the 
photographio plates used. 
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Pig. 7. Frequency distribution eurve showing the absence of systomatic errors in 
the spectrographic determination of P. Al electrodes (5 and 6.r> min). Various 
concentrations of P in 105 samples of clover, whoat, rye and oats. 210 galvano- 
meter readings (two parallels of each samplo were taken in the spectrograph). 
Ordinata -- number of samples. Abscissa — the difforences between the first 
and the second parallel galvanometer readings. N == 105, M‘= — 0.08, = 

± 22.5. Method of graphic representation, see N. Arley and K. R. Buch 1943, 

pp. 7(i and 78. 

of the transparency and density curves of P, the electrode material 
and the bulk composition of the samples analysed must be con- 
sidered the most important. Regarding plant samples, Figs. 1—2 
show that the transparency curve of P is very flat in the concentra- 
tion interval considered, and Tables I—IV that fresh 6.5 mm Al 
electrodes are most suitable for the analytical work, especially in 
the constant presence of Ca = 120—^150, Li = 50 and Zn == 50 
millimol/100 g (K 50—100). The recommendation of this constant 
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presenee of certain elements is founded statistically upon a number 
of analyses of various plant samples of varying composition. The 
analytical significance of the presenee of Ca is sliown in Table VII. 
The smallest value of the maximum variation between two or more 
parallel L/H x 1000 values is there attained at Oa = 121—150 
millimol/100 g, in good agreement with the positions of the second 
minimum of the P—Ca disturbance curves represented in Fig. 5. 
The peeuliar trend of the L/H xlOOO values of Table VII is due to 
th(’! variable sensitivity of the photographic plates used (c/. Ch. 
Ill, the end). Eaeh series of parallels thus has its own transpareney 
curve. The maximum variation amplitude obtained in the region 
of (^^a ~ 121—180 millimol/100 g eorresponds to a maximum deviation 
of the F concentration ~ ±20 % and o value “ i: 7 % (P > 7 niilli- 
mol/100 g). Both with 6.5 and 5 mm Al eleetrodes (samples of 
varying composition), the absenee of systematic errors in the con- 
sidered method has also to be stn^ssed (see Fig. 7). The quantitative 
spcctral analysis of P ean eonsequently be regarded as reliable 
when applied to plants samples eontaining P > 7 millimol/100 g. 
When using highly scnsitized photographic plates, lower concentra- 
tions of P ean of course be determined quantitatively. It is, how> 
ever, to be regretted that only K is determinable simultaneously 
with P if the mentioned aeeuraey, a ±7 is desired. 

Begarding the aeeuraey of other applieations of the Pfeilsticker 
method, sorne remarks hav(‘ to be made eoncerning a reeent paper 
by 8. Lanbergren (1945, T). He there diseusses the aeeuraey of 
his spectrographie determinations of B in rocks and sediments (Lv., 
pp. 6—7), and ealeulates the probable error of the method used. 
As already touched upon (P. H. Lundegårdh 1946, p. 21), Lan- 
dergren has neglected the faet that tlie ‘probable error’, according 
to its definition, postulates a normal frequency distribution. As 
Landergren does not show any frequency distribution curves in 
his paper, his probable error has littlo significance, and the re- 
liability of his method is rather unknown even after a consideration 
of his statistical computations. 

^^ow it might be suspeeted that, in normal rocks and sediments, 
Landergren would have obtained a normal frequency distribution 
of his B determinations. The difference in first ionization potential 
between B (8.25 volts) and the reference element used, Sb (8.35 
volt») is, indeed, rather small. It has, however, not been diseussed 
by Landergren. Moreover, he has totally neglected the spectro- 
graphic significance of first ionization potentials, despite the instruc- 
tive investigations by B. Brbckpot and H. Lundegårdh, published 
as early as in 1936. 

The difference in first ionization potential between B and Sb 
becomes significant when the samples analysed are rich in elements 
of first ionization potentials and properties of volatilization similar 
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to those of B and Sb. In such cases, a skewness of the frequency 
distribution of the errors of the B concentrations obtained may 
appear, when Sb is used as a reference element. 
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Metabolizable Energy in Digestible Ether Exlract. 

By STURE ERIKSSON. 

From the Inatitute of Animal Nutrition and Huabandry, 


Introduction. 

In the yeara 1940—42 P^obbes and Swift (1943) dcdermined the 
amount of metabolizable ener^fy in varioua feeds for steers. TIk» 
amount was computed from experimental values of faeees and urine, 
and the formula of Bratzler and Forbes (1940) for methane. The 
result was (»nmpared with that reeeived aceording to Axelsson^s 
(1941) factors, which mention the amount of metabolizable ener^jy 
per gram of digestible substance of erude protein, ether extraet, 
nitrogen-free extraet, and erude fiber. F^orbes and Swift draw 
the conclusion that Axelshon’s method provided an easy and 
generally satisfaetory method of deriving metabolizable energy 
values, but the faetor for the ether extraet of roughages was found 
to be too high to apply to the low-carbon, low-energy, ether-soluble 
substances of silages. They computed therefore a faetor for the ether 
extraet of silage by subtraeting the metabolizable energy of fivc» 
kinds of silage (ten determinations), derived from experimentally 
determined values for faeees, urine, and methane, with the meta¬ 
bolizable energy of digestible erude protein, digestible nitrogen- 
free extraet, and digestible erude fiber computed according to 
Axelsson’8 factors. The remainder of metabolizable energy was 
then divided by the grams of digestible ether extraet in the silage. 
The faetor, which P^orbes and Swift reeeived, amounted only to 
3.3 keal of metabolizable energy per gram of digestible ether extraet 
of silage. Axelsson^s faetor amounts to 7.8 for roughages, and thus 
even for silage. The difference between these two factors and the 
low value of Forbes’ and Swipt’8 faetor will, however, mostly 
depend on the methods of analyses in that Forbes and Swift made 
corrections for losses of dry matter during the drying of the silage. 
At the usually foUowed method, however, Axelsson’s faetor will be 
satisfaetory, as is to be shown later on. 
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The Chemical Analyses. 

Forbes and Swift determined the moisture in the silage by drying 
it for 22 hours at 50'’ Centigrade, spread out very thin, in a vacuum 
oven throiigh whieh was drawn a stream of dry carbon-dioxide- 
free air. This air-strearn was then drawn throiigh a tube furnaee 
in which the c-ombustible gases given off by the silage were burned 
to carbon dioxide and water, which were collected by sodium 
liydroxide and sulphuric acJd absorption tubes. 

The carbon dioxide thus collected was computed to be acetic 
ji(*id, and corrections of this item were made in the values for mois¬ 
ture, ether extract, nitrogen-free extract, total digestible nutrients, 
and energy. The loss of nitrogen was also determined. Under these 
conditions the losses of nitrogen were from 0.0 to 1.1 %, those of 
energy from 1.0 to 1.8 %, and those of ether extract from 21 to 31 % 
of the quantities present, which will explain a part of the difference 
between the two faetors dealt with above, as in the experiments 
which are the basis of Axel8Ron’s faetor, the dry matter was deter¬ 
mined in the usual manner, and no corrections were made for the 
losses during the drying. 

Only for silage did Forbes and Swift make corrections, but in 
drying the faec('s there are also tolerably great losses of dry matter, 
as investigations at this Tnstitute show. The dry matter determina- 
tions in faeces here carried out have been made partly by oven- 
drying, partly by distillation with toluene. These methods have 
been used by Perkins (1943) for green plant material and silage. 
For various grass and alfalfa he obtained results agreeing with the 
two methods. For the silage, however, the distillation with toluene 
ga ve higher values of the dry matter than the oven-drying method, 
on an average 1.8 %. The same was the case with plants having a 
strong odour. 


Table 1. Dry Matter in Faeces^ %. 


Faeces 

1 

from ' 

1 

Oveii-drying 

Toulone distillation 

Cow. 

. 

16.6 

17.B 

» . 


16.0 

17.4 

» . 

1 

16.0 

10.4 

» . 

1 


16.7 

17.2 

1 

Average j 

16.8 

17.1 1 

Rabbit. . . . 

.1 

70.0 1 

70.4 : 

, » .... 


67.5 i 

67.0 

1 

Average [ 

68.8 1 

69.0 1 
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In Table 1 the results of dry matter determinations in faeces 
from cows fed with hay, silage, and coneentrates, and from rabbits 
fed with hay, and eoncentrates, carried ont a(*eording to the two 
methods, have been re(*()rded. On every sample double-deter rn i na¬ 
tions were made. 

The distillation with toluene has thus, on an average for faee.es 
from cows, given l.H units of higher values than the usiial drying 
method. By reason of this Poiibes and Sw^ift ought t-o have made 
corrections even on the faeces, as a part of the losses in drying the 
faeces will probably be etlier extract. Tf corrections for the losses 
in faeces had been made, the faetor woiild surely have been some- 
what higher. 

As to the faeces of rabbits, there were only small differen(M\s 
between the two methods. 


Digestible Energy in Ether Extract. 

The digestible energy per gram of ether extract has been deter- 
mined in silage, clover-timothy hay, and oats and barley. (V)neerning 
silage, the digestibility experiments have been carried ont with 
cows at the Animal Experiment Station of the Koyal Agricult-ural 
C/Ollege of Swedcn, from where silage and faeces have been r(»c(dved. 
As to the (‘lover-timothy hay, and oats and barley, the digestibility 
experiments have been made on weth(*r8 at this Institute. The 
amount of digestible energy in the ether extraet of oats and barley 
has been determined by difference. 

Th(^ energy-con ten t of the ether extract was determined by (»x- 
tracting 5 to 6 samples of 5 grams for 8 hours. The extract was t-hen 
transferred to a calorie-crucible and dried. The determinations of 
energy were made in the usual rnaniier. 

In Table 2 the amounts of digestible energy per gram of ether 
extra(d; are recorded together with the energy per gram of ether 
extract in the various feeds, and faeces, and so is the dig(‘8tibility 
coefficient of th(* etlier extraet. On every sample double-determina- 
tions were made, which differed from ea(*h other at most 2 %. The 
values of the faee.es in the experiments with oats and barley refer 
to the total amount of ether extract, thus from the clover-timothy 
hay, and oats and barley. 

The two silages were made from the same green plant material, 
one without and orie with an addition of AlV-solution. The amount 
of digestible energy per gram of ether extract differed, however, 
somewhat between the two silages. Whether there are any real 
differences between them is difficult to say, as only few experiments 
were carried out. On an average the energy-content per gram of 
digestible ether extract amounts to 8.7 kcal. 
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Feed 

Kcal per gram of 
ether extract in 

food 1 faeces 

1 

Digesti¬ 
bility of 
the other 
extract, \ 

Kcal per 
gram of 
digestible 
ether 
extract 

Clover-timothy silago 



9.02 

9.70 

72.8 

8.7 7 

» 



» 



9.02 

9.80 

72.3 

8.72 

» 


» 

» 



9.02 

9.77 

77.3 

8.80 

Clovci 

-tiinothy-AIV silape 


8.04 

9.81 

69.7 

8.56 

» 


>) 

» 

» 


8.04 

9.87 

71.6 

8.57 

») 


» 

» 



8.04 

9.81 

71.1 

8.50 






A \'erag<* 

8. OK 

9.70 

72.5 

8.67 

("lover-tiiriothy hay. 



9.:i.5 

9.77 

40.0 

8.72 

» 


» 

. . 



9.35 

9.7tt 

41.3 

8.77 

» 


» 

» , . 



9.35 

9.78 

3.5.0 

8.55 

» 


» 

« ... 



9.35 

9.05 

,3.3.8 

8.76 






Average 

9.35 

9.74 

,37.5 

8.70 

Oats and barley. 

178 g 

of dry matter 

8.80 

9.80 

101.8 

8.71 

» 

» 

)> 

178 ►> 

» 

» » 

8.80 

9.8 5 

109.J 

8.80 

» 

» 

» 

35Ö »> 

» 

» » 

8.80 

9.82 

94.6 ' 

8.70 

»> 

» 

» 

35H »> 

» 

)> » 

8.80 

9.83 

91.0 i 

8.66 

» 

» 

» 

350 » 

» 

» » 

8.80 

9.83 

98.2 i 

8.74 

» 

» 

» 

35(i .) 

)> 

» » 

8.80 

9.70 

93.7 

8.73 

»> 

» 

» 

,5,35 .> 


» » 

8.80 

9.83 

99.4 

8.77 

» 

» 

» 

535 » 

» 

» » 

8.80 

9.88 

95.2 

8.70 

» 

» 

» 

535 » 


»> »> 

8.80 

9.73 , 

92,2 

8.72 

» 

» 

» 

535 » 

>) 

» » 

8.80 

9.64 

94.6 

8.78 

» 

» 

>> 

713 * 

») 

» » 

8.80 j 

9.50 

91.0 j 

8.77 

»> 

» 

» 

713 » 

» 

» » 

8.80 ‘ 

9.65 , 

91.0 

8.75 






Average 

8.80 

9.V7 

96.2 

8.74 


Foiir experiments witli the elover-timothy liay were carried out 
on two wethers, whieli received 346 grams of dry matter from th(^ 
luiy per day. Also here 8.7 kcal were found to be present in each 
gram of digestible etlier extract. 

The experiments with oats and barley were made on the same 
wethers, and the basal ration consisted of 346 grams of dry matter 
ef the same hay as in the four experiments having only clover- 
tirnothy hay. The dry matter of oats and barley fed per animal 
inid day varied in the different experiments. The digestibility of 
the ether extract determined by difference, was very high. The 
( lu^rgy-content per gram of digestible ether extract was about the 
•^iime as in the ether extract of the hay. In all the three feeds there 
Were only small differences in the amount of energy per gram of 
<ligestible ether extract, on an average 8.7 kcal. 
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In the faeces the amount of energy per gram of ether extract from 
the three feeds was practically the same (9.8 kcal i)er g). This 
amount was higher than that in the feeds, depending on the un- 
digestibility of the waxes and perhaps even on that of other sub- 
stanees, whieli have a higher heat of eombustion than the absorbed 
eonstituents of ether extract. 

In a siriiilar maniier Kellnkr (1806) determiiied the energy in 
the ether extract of meadow-hay and of faeces from digestibility 
experiments with steers. On an avera ge of five experiments he 
found 9.19 kcal per gram of ether (»xtract. in the hay, and 9.82 
kcal per gram in the faeces. The amount of digestible energy per 
gram of (dher extract was 8.32 kcal. The r(*sults agree tolerably well 
with those given above. 


Metabolizahle Energy in Ether Extract. 

As to neutral fat it is considered that there are no losses in methane 
and urinc, owing to which the metabolizable energy in fat would 
be the same as the digestible energy. As to ether extract, how- 
ever, especially in roughages, it is very possible t-hat some losses 
are at hand in methane or urine. As stated above, the silage and 
clover-timothy hay contained about the sam(‘ amount of digestible 
energy per gram of ether extraid. The loss(*s of eiu^rgy in ether 
extract with methane or urine would siin^ly not be much greater 
for silage than for hay, so Axelsson^s faetor for the ether extraed. 
of coarse fodd€*rs of 7.8 kcal of metabolizable energy ])(‘r gram would 
be satisfaetory even for silage, if no correctioiis are made for losses 
during the drying of the silage. If such corre(*tioiis, however, art* 
made, one has to count with a lower faetor. 

For oats and barley the amount of digestible energy per gram 
of ether extract amounted ev(*n to 8.7 kcal, and for grains Axelsson 
has given the faetor 8.3. 

If correctioiis are made for the losses during the drying of the 
silage, the faetor for the ether extract would be lower, as Fobbes 
and SwiFT have pointed out, but not as low as 3.3 metabolizable 
kcal per gram of digestible ether extract. As stated above, correc- 
tions are to be made even for the losses during the drying of faeces. 

If the metabolizable energy per kg of dry matter is averaged 
in the 26 experiments with alfalfa hay, timothy hay, and corn meal, 
on one hand, and in the 21 experiments with silage, on the other 
one receives the following results in the work of Fobbes and Swift, 
according to the two methods they used. 

The differences between the two methods are not statistically 
significant, but as the survey shows, the faetorial method has given 
65 kcal of energy more for hay and corn than the subtraetion method. 
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r 

Nuraber of 
experiments 

Metabolizable 

energy. kcal/kg 

Difference» 

kcal 

1 

, Feeds 

Subtraciion 

method 

Factorial 

method 

Hay, and corn meal . 

i 26 

1 2 685 

2 650 

+ 66 ' 

Silage. 

; 2i_ 

! 2 260 

2 156 

i - 96 


As to silage, however, where the factor of 3.3 has been used, the 
factorial niethod has given an energy-content 95 kcal lower. The 
silages eontained on an average 7.8 % of digestible ether extract, 
and in order to receive the same surplus for the silage as for the 
liay and corn to the advantage of the factorial method, one has to 
count with a factor of 5.4 metabolizable kcal per gram of digestible 
ether extract. 

When drying the silage Forbes and Swift determined the loss 
of carbon (lioxide, and computed this as acetic acid. A silage with 
5.0 % of ether extract in the dry matter determined according to 
the usual method, would thercfore hold 6.8 % of ether extract, if 
26 % is e()nsid(*red to be the loss in drying. The energy per gram 
(d ether extract of silage amöunted above to 9.0 kcal, and the aceti(* 
aeid holds 3.5 kcal i)er gram. The energy-content per gram of cor- 
reeted ether (»xtraet would thus be (5.0-9.0 f.1.8'3.5): 6.8 7.5 

kcal. The faee(‘S would probably not contain more than 9.8 kcal 
per gram of ether (^xtraet after having made correetions for losses 
during the drying. At various digestibilities of the ether extract 
the amouni of dig<*stible energy per gram would be the following: 


Digestibility, % 

j Digestible energy, 
1 keal/g 

50 

5.2 

60 

6.0 

70 

6.5 


Ilenee, the energy-content per gram of digestible ether extract 
s(‘ems, as a part is lost with methane and urine, to be about 5 meta- 
holizable kcal. Further experiments are, however, required in order 
to elucidate this problem. 


Summary. 

In this paper is shown that the amount of energy per gram of 
ether extract is 8.98 kcal for silage, 9.35 kcal for clover-timothy 
i‘ay, and 8.80 kcal for oats and barley. The ether extract of faeces 
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from digestibility experiments with cows and wethers on these 
feeds contained on an average 9.77 kcal per gram. In all the three 
feeds the energy-content per gram of digestible ether extraet 
amounted to 8.7 keal. 

On account of this, the conelusion has been drawn, that Axels- 
son’s factors for computing metabolizable energy in feeds are 
satisfaetory when the Chemical analyses are made in the usual man- 
ner. If, however, corrections are made for the losses of dry matter 
during the drying of silage, the factor of the ether extraet of silage 
would be lower than 7.8, but not as low as 3.3. It will then rather 
be about 5 metabolizable kcal per gram of digestible ether extraet.. 
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I. Iiitroduction. 

The present investigation deals with the ionic exchange in certain 

materials of importance to agricultiire. 

The following problems have been studied: 

1. the relative pH-reducing effect of the alkali and alkaline-earth 
ions in different ion exchanging substances; 

2. general properties of a resin acidoid and basoid; 

3. the relation between the replacing power of the H-ion on one 
side and the nature of the ion exchanging material (the acidoid) 
on the other and, in connection with this, the position of the 
H-ion with regard to its replacing power in relation to that of the 
alkali and alkaline-earth ions; 

4. the amphoteric reactions of an »isoelectrically» precipitated alu¬ 
minium phosphate; 

6. the effect of dilution on the ion exchange equilibria in a resin 
acidoid and basoid; 

6, to what an extent an increase in temperaturo influences the 
exchaiigeability of the ions in electrodialysed permutite and clay 
after saturation with alkali and alkaline-earth hydroxides; 

7. if there is some connection between the degree of saturation of 
an ion exchanger with a certain ion and the exchangeability of 
the ion in question, and if any such connection is influenced 
by the character of other ions present. 
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In part II of this paper, a description is given of the activity 
concept, the structure of the ion exchangers, the general laws of 
ionic exchange, and of snch factors as might influence ionic 
exchange; all these questions are dealt with to such an extent as 
seeras justified by the experiments and their interpretation. Certain 
results of research have been discussed as far as they were of interest 
for this investigation; these discussions will bo found, partly in 
the general review at the beginning of this paper, partly in connection 
with the treatment of the above questions. 

The ion exchange material at ray disposal in the beginning of 
these investigations consisted of weak acidoids and basoids ex- 
clusively. The intention was to study ion exchange even in strong 
acidoids and basoids but these turned out to be very difficult to 
procure. Sulphite cellulose is a strong acidoid and has been the 
object of thorough examination by Du Kietz (1938). The dis- 
advantage of this substance lies in its low ion exchange capacity 
which made it less suitable for my purposes. However, I gradually 
succeeded in procuring synthetic ion exchange resins, Wofatit K 
and Wofatit Jf, both with high exchange capacity. The former is 
exclusively a cation exchanger, the latter in the first hand an anion 
exchanger; by their other properties they were extremely well 
suited for the intended investigations. 

The ion exchanging materials which were examined consisted of: 

1. natural ion exchangers: electrodialysed humus, ordinary bath 
sponge, electrodialysed clays, bentonite, kaolinite and activated 
bleaching clays; 

2. synthetic ion exchangers: »isoelectrically» precipitated silicates 
and phosphates of aluminium and iron, permutite and resins. 


II. The Physico-Chemical Basis of Exchange 
Reactions. 

1. Short Historical Survey of the Development of the 
Conception of Ionic Exchange. 

To save space, only some of the most important names and dates 
shall be quoted. 

According to Sestini (1873), as early as 1819, the Italian chemist 
Gazzbri showed that clay decolourates liquid manure and keeps 
back its soluble substances which gradually are delivered to the 
plants. • 
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The Englishman Thompson, however, must be regarded as having 
been the first to examine more or less systematically the capability 
of soils to adsorb inorganic salts. In 1846 he found by means of 
experiments which were not published until five years later that, 
when soil was mixed with ammonium salts and then leached with 
water, a great part of the ammonia was kept back (Thompson 
1850). 

According to Way (1850), Huxtable showed in 1848 that liquid 
manure, when filtered through soil, looses both colour and smell. 
Eeferring to this, Way writes: »In fact, that it went in manure 
and came out water.» Later, Forchhammee (1850) has pointed 
out that clays release calcium and magnesium when leached with 
sea-water. 

Inspired by the results of Thompson and Huxtable, the English 
chemist Way (1850, 1852) took up these problems by systematic 
and very fruitful studies. On this occasion, he made the important 
discovery that soils keep back the bases of an added easily soluble 
salt and release an equivalent amount of lime. Way studied base 
exchange phenomena of this kind in synthetic aluminium silicates 
and drew the conclusion that the base exchange in soil is restricted 
to the clay fraction and connected with the double silicates. 

After the publication of these pioneer works ion exchange and 
problems connected with it have been the subject of intense studies 
in many countries. At first, attempts were made to interpret the 
ion exchange equilibrium quantitatively with the aid of empirical 
formulas of such a kind as to harmonize with the experimental 
results. One of the oldest and best known of these formulas is the 
adsorption isotherm of Freundlich (1930): 

— k- 
m 

where x signifies the adsorbed amount of ions or molecules per m g 
of the adsorbing substance; c is the concentration of the solute in 
the equilibrium solution and k and p are two constants which are 
dependent on the temperature and the nature of the reacting sub- 
stances. At first, the formula was meant by Freundlich to be 
used for apolar adsorption but later it was applied even to exchange 
adsorption. The formula represents a parabola and does not give a 
definite limit for the exchange capacity. 

Starting on the assumption that the ion equilibrium between per- 
mutite and solution is not influenced by dilution, Wibgner (Jenny 
1927) has modified the adsorption isotherm of Freundlich into 
an exchange isotherm: 
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where c, fc and p have the same meaning as in Fbeundlich^s formula 
while a is the initial concentration of the added solute and y the 
amount of ions exchanged per g permutite. 

In order to determine the manure requirement of the soil, Vageler 
(1932) has published an empirical formula of hyperbola-like form; 

xT 

^ x-\^qT 

where y is the amount of the replaced cations, T the total exehange- 
able amount of the same cation, x the amount of the replacing 
eation added in the beginning of the experiment, and q a constant. 

In the above mentioned formulas no consideration is apparently 
paid to the valence and the displacement of the equilibrium, which 
may take place between ions of different valence, when the system 
is diluted with water. Keferring to theoretical considerations, Eoth- 
MUND and Kornfeld (1918) on the other hand maintain that the 
equilibrium for ions of different valence is a function of, among 
other factors, the dilution. For particulars concerning this question 
see part VII. Working with permutite Bothmund and Kornfeld 
started on the assumption that the relation between the amounts 
of two ions on permutite was a function of the amounts of the ions 
contained in the solution. They described the equilibrium conditions 
for ions of the same valence by an empirical formula which can be 
suitably written: 



In this formula Ai and Bi express the amounts of the cations 
A and B on the permutite and [A] and [B] the concentration in the 
solution; Ä; is a proportionality constant, and p a constant which 
is aimed at better adjusting the forraula to the experimental curves. 
In spite of the fact that Eothmund and Kornfeld denied the 
validity of the law of mass action for the ion exchange in permutite, 
it can be stated that their formula is based on this law which, how- 
ever, is somewhat modified by the index p. 

M 0 LLER (1935) went one step farther than Eothmund and Kobn- 
FELD when, from a Chemical point of view, he fuUy applied the law 
of mass action, proposing the use of activity instead of concentration. 
Naturally, Möller could only calculate the activity in the outside 
solution. His application of the law of mass action for judging the 
experimental results achieved with the synthetic ion exchanger 
Katrolith can be generally described by the formula: 
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where Ai and Bi have the same meaning as in the preceding formula, 
(J.) and (B) signify the activity of the cations A and B in the equili- 
briuin solution, fiA and ns are the valence for A and B respectively, 
and Ä is a proportionality constant, the so called exchange constant. 

Before Moller, but not to the same extent, Kerr (1928), Vanse- 
LOW (1932), and Gapon (1933) had used exchange formulas which 
were founded on the law of mass action. 

Also other investigators as Damsgaard-Sorensen (1941) and 
Samuelson (1944) have, in the same way as Moller but with 
use of concentration in the solution, applied the law of mass action 
for the interpretation of the ion exchange equilibrium. Working 
with dilute systems. Moller found constant Ä:-values, but these 
observations are far from being universally valid, judging from 
the results of Damsgaard-Sorensen. 

The next step in the development from the empirical formulas 
towards the strictly theoretically founded formulas is taken when, 
in Moller’s formula, the concentration of cations on the ion ex- 
changer is replaced by activity, while at the same time k gets the 
value 1, In this way, the well-known so called Donnan-equilibrium 
is obtained which, in order to demonstrate the likeness with the 
preceding formula, can be expressed in the following way: 

i and s signify ion exchanger and solution respectively. 

On account of the great importance of the Donnan-equilibrium 
for the study of ionic exchange reaetions, it seems to be adviceable 
not to enter into a detailed diseussion before the activity concept 
and the strueture of the ion exchanger have been dealt with. 


2. Ionic Radius and Ion Hydration. 

In connection with the study of ion exchange, it is of interest to 
distinguish between the concepts of the absolute or crystallographic 
ionic radius and of the »radius» of the hydrated ion, the so called 
electrodynamical ionic radius. By regarding the ions in a crystal 
as compaet spheres, Goldschmidt (1927) has been able to determine 
the absolute size of a great number of cations and anions. The same 
has been done by Pauling (1927) with the aid of theoretical cal- 
culations. The results of both investigators regarding the crystallo¬ 
graphic radius of the alkali and alkaline-earth ions are in good agree- 
ment as is to be seen from the following table: 
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Table 1. lonic radii in Ä, according to Goldichmidt and Pauling, 



+ 

+ 

+ 

+ 

+ 

+ 

2 + 

2 + 

2 + 

2 + 

8 + 


NH 4 

Li 

Na 

K 

Rb 

Cs 

Mg 

Ca 

Sr 

Ba 

La 

Goldschm.. 

1.43 

0.78 

0.08 

1.33 

1.40 

1.66 

0.78 

1.06 

1.27 

1.43 

1.22 

Pauling ... 

— 

0.60 

0.05 

1.33 

1.48 

1.69 

0.66 

0.99 

1.13 

1.35 

1.15 


In order to explaiu several Chemical and physical properties of 
salts in aqueous solution it has been assumed that the ions in aqueous 
solution are hydratcd. This assumption is supported by thermo- 
dynarnical considerations (see van Aäkel and be Boer 1931). A 
picture of the hydration meclianism is presented by these authors. 

Since the ions surround themselves with a strong electric field, 
they cause an additional polarization of the surrounding water 
dipoles. These become attracted and adjust themselves into a 
strongly bound »sphere». The induced polarization and orientation 
of the water molecules rapidly decreases in the outward direction, 
so that only the most inwardly situated molecules might be regarded 
as strongly bound. The hydration increases with the charge of 
the ion and dec.reases with growing crystallographic radius. In 
accordance with this, it appears from the preceding table that the 
degrees of hydration for the alkaline ions must be arranged in the 
following order: 

Li> Na> K> Rb> Cs 
and for the alkaline-earth ions: 

Mg> Ca> Sr> Ba. 

The charge in each series is the same, but the radius increases. 

In the same order lies the electrodynamic radius of the ions, which 
is indicated by the ionic velocities. 

The hydration is measured by the hydration number which gives 
the number of water molecules bound per ion. The determination 
of the hydration number has proved very difficult. Many investi- 
gations have been made but the results did not always show the 
conformity that was to be desired. 

Ulich (1933) who has thoroughly studied ion hydration disting- 
uishes, on account of the great ^fference in binding strength, two 
forms of hydration, an »engere» or Chemical and a »weitere» or physical 
hydration. In the former type the water molecules are so strongly 
bound that the whole complex acts as a stable compound or a 
»molecule», for instance in the case of ion migration. The limit 
between Chemical and physical hydration is drawn by Ulich in 
such a way that, in the case of the former, the water molecules 
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cannot become loosened by tbermic motion of the molecules but in 
exceptional cases; this, on the other hand, is the case with the latter. 

Ulich (3933) defines the hydration number by the number of 
»enger» bound molecules. According to Ulich this number can be 
determined by five fundamentally different methods and, generally, 
with very good conformity. The following table gives the values 
for some ions which are the most probable ones for the Chemical 
hydration in dilute Solutions at room temperature. 


Table 2 . Most probahle hydration numbers according to Ulich. 


Ion 

+ 


4- 

4- 

4 

4 

4- 4- 

4- 4- 

+ + 

4- 4- 

HgO 

Li 

Na 

K 

Rb 

Ag 

Mg 

Ca 

Ba 

Zn 

Hydration 











number 


6 

4 

2.5 

2 

3.5 

9-13 

8-10 

0 8 

11-13 

Ion 

-+ + 

-f t 


' 4- -1- 

_ 



_ 

_ 


Fe 

Cu 

Od 

1 Pb 

F 

Cl 

Br 

z 

CIO* 

NO 3 

Hydration 











number 

11-13 

11-13 

10-12 

5 7 

5 

3 

2 

0.5 

0 

2 


The hydration of the H-ion is thought to take place in such a 
way that the proton unites with one molecule of water forming the 
stable hydroxonium-ion. As regards volume, the H 3 O+ has a position 
between Na+ and K+ and, therefore, becomes hydrated by three 
additional molecules of water. 

Other investigators (Du Eietz 1938) obtained higher hydration 
values, but this can be due to the fact that even physical hydration 
water is included in the final figures. But even if the absolute 
hydration figures in some cases are different from those mentioned 
above, the mutual order is nevertheless unchanged. The hydration 
number is likely to vary with the concentration, the temperature, 
and the intensity of the electrostatic forces which are at work between 
the ions. Oppositely charged ions may in certain cases be able to 
penetrate through the hydration envelope. This, for instance, 
may be the case at ion association. ( 8 ee the following chapter.) 
It might be pointed out in this connection that even the colloid 
ions are more or less hydrated. The greater the density of charge 
of the colloid ion, the stronger is the hydration. 

When the monovalent and divalent hydrated ions are arranged 
by increasing volume, the following series is obtained: 

_ K < Na < Li < Ba < Sr < Ca < Mg. 

1 In all 4 H^O on 1 
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The mutual order between the monovalent ions and between the 
divalent ones is of ten called the lyotropic series. 

The crystallographic radius of ions in solution is of interest so 
far as it, together with the charge, determines the hydration and, 
in certain cases, seems to be the decisive factor for the replacing 
power of an ion and for the fixation of ions in a non-exchangeable 
form in the crystal lattice. The electrodynaraic radius is of the 
greatest interest when the activity coefficients of the ions are calcul- 
ated and in the case of diffusion and ionic excjhange in general. 

3. The Activity Concept* 

In the study of ion exchango reaetions it is important to take 
account of the effective concentration of an ion and to understand 
in which way this effective concentration is dependent on the charge 
and the volume of the ion and on the kind and concentration of 
other ions present. The modern conception of electrolytes Tvdill 
therefore be briefly treated in this chapter as far as it has a bearing 
on the problems and questions dealt with in this paper. 

In contrast to the classical theory of electrolytes, the modern 
theory considers the strong electrolytes as being completely dis- 
sociated. In certain cases however, ions of opposite charge may 
unite into an ion pair. This so called ion association will be discussed 
later. Between the ions electrostatic forces (the interionic forces) 
are at work, which cause an ion to surround itself with more ions of 
the opposite than of the same charge. The electrolyte in solution 
thus tends to assume a similar structuro as in a crystal lattice. 

In order to explain the deviation of the strong electrolytes from 
the classical laws, Lewis (Lewis and Kandall 1923), Milnee, 
Bjerrum, BR0NSTED, Debye and Huckbl, and others (see Falken¬ 
hagen 1932) have developed the theory of the relationship between 
activity (= effective concentration), activity coefficient (/) and 
ionic strength (ju). With the aid of these concepts attempts have 
been made to master the interionic forces which are at work between 
the ions in a solution, thus opening a possibility for the application 
of the classical laws to the strong electrolytes. Both the activity 
and the mobility of the ions are influenced by the interionic forces. 
This effect becomes the stronger, the higher the concentration. 
Bven in Solutions of medium strong electrolytes the interionic 
forces become evident in the same way. These, however, do nöt 
here become so pronounced on account of the low ion concentration 
resulting from the incomplete dissociation. As we will see later, 
the degree of protolysation^ (Bronstbd 1943, Kolthoff 1944) of 

^ Acoording to the ooncept of Bronsted an acid (HA) is protolysed in water 
in the following way: 

HA + H,0?=iH,0+ + A- 
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weak acidoids and basoids is influenced to a great extent by the 
electrostatic forces emanating from the strong electrolytes. The 
activity of undissociated molecules is only slightly affected because 
they lack a charge. 

The activity (a) is usually defined as the product of the activity 
coefficient (/) and the concentration (e): 

a = / • c. 

If the cation activity is expressed by a^ the anion activity by 
a_ and the mean ionic activity by a^, the following forinula is 
valid for a binary ele(’trolyte: 

a4 = V a f. • a_ 

In infinitely dilnte solntions the interionic forees can be neglected. 
In this case, activity may be considered equal to concentration, 
and the activity coefficient thus becomes = 1. On the other hand, 
when concentration increases, / decreases but may, in certain cases, 
pass through a minimum at relatively high coneentrations and 
then increase to values above 1 as the concentration is further 
increased, compare fig. 2 and 3. 

When the ionic strength of a solution is determined, not only 
the concentration but even the valence of the ions must be taken 
into consideration. Thus, the ionic strength expresses, to a certain 
extent, the magnitude of the interionic forces. The mean ionic 
strength in a solution containing ions of the types A, B, C . .. with 
the charges wa, wb, nc ..., and the molar coneentrations ca, cb, cc ... 
is determined by the following expression: 

(cA-nX f CB • nij + Co • + ...)== | 2 c • n^. 


Tho equilibrium is given by the expression: 

IHaO][Ä] __ 

[HA] [HVO] 

where bracket designates concentration and k is the protolysis constant. The 
hydrated proton, is of ten called hydronium ion but in the following it 

will as usual be called hydrogen ion. Since in dilute Solutions the water con¬ 
centration is practically constant, the equation above may be written: 

[HsOl [A] ^ 

[HA] ^' 

where kt is identical with tho classical dissociation constant, the apparent or 
stoichiometric constant. From what has been said, it appears that the new con- 
ception of protolysis and protolysis degree of acids correspond to the classical 
conception of dissociation and degree of dissociation. 
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At a high degree of dilution it is mainly the ionic strength of 
the solution which, besides the valence, determines the aetivity 
coefficient of an ion. Debye and Huckel (1923) have electro- 
statically deduced a mathematical relationship between / and 
in highly dilute Solutions. When water is used as a solvent and at 
a teraperature of 20° C the mean aetivity coefficient of an electrolyte 
is caleulated by the approximative formula: 

— log /+ = 0.5 • -VJU (1) 

In analogy to this, the aetivity faetor for an ion i with the valence 
m is obtained from the forinula: 

- log fi = p/t = 0.5 • n\ • y /I (2) 

Debye and Huckel, on deriving their theory, assumed that an 
ion surrounds itself with a swarm of ions of opposite charge. It 
forms the center of an oppositely eharged ion atmosphere. For this 
reason, when the /-value of an ion is caleulated, greater weight 
ought to be attached to oppositely eharged ions and, instead of the 
mean ionic strength, a cation- or anion-strength ought to be used, 
because the interionic forces are stronger between ions of opposite 
than of the same charge. The investigations of Bronsted (1922) 
on the solubility of salts and Hass’ and Jellinek’8 (1932) electro- 
metrical determinations of aetivity coefficients for some ions indi- 
cate that the valence and the ionic radius of the ions which are 
eharged oppositely to the central ion, exert a much greater influence 
on the aetivity coefficient of this ion, than do the ions of the same 
sign of charge. This effeet begins already in dilute Solutions. 
Du Eietz (1936) has suggested å way to caleulate the cation- and 
anion-strength approximatively. 

It follows from formula (2) that, with inereasing ionic strength, 
/ decreases the faster, the higher the valence. Therefore, the aetivity 
coefficient of a polyvalent ion undergoes greater variations than that 
of a monovalent ion, when the ionic strength is varied, cf. fig. 3. 

The lirniting formula deduced by Debye and Huckel is valid 
only at very low ionic strength values. It is usually (^onsidered to 
give satisfaetory results at ionic strength values up to 0.01 but, 
above this limit, the divergences become considerable. By paying 
attention to the ionic radius, however, Debye and llticKEL succeeded 
in obtaining from their deduetions a simple formula the validity 
of which extends to ionic strength values of about 0.1. When the 
distance of the closest approach of the opposite eharged ions is 
t^alled formula (2) can be replaced by the following more exaet 
oxpression: 
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Fig. 1. The relation between pf for nni- 
mii-valent salts and the square root of 
the concentration. Theoretical curves at 
different minimum ion distances (a) as 
well as experimental values at 26® C, 
according to Ulich (1933). 



Fig. 2. Mean activity coefficients, 
/^, experimentally determined in 
Solutions of LiCl, NaCl, and KCl 
according to Getmax and Daniels 
(1937). 


- log ii 


0.5*nM f ji 
1 + ji-a* Vjx 


(3) 


wbere A signifies a constant which is dependent on tbe dielectric 
constant of the solvent and the temperature. a is equal to the sum 
of the radii of the hydrated cations and anions, but may even be 
regarded as the effective mean diameter of the ions, approximatively 
equal to the diameter of the ion + the »engere» hydration sphere. 
At low ionic strength values, appr. &t fx < 0.01, the denominator 
in formula (3) approaches the value 1, and formula (3) changes into (2), 

The deviations from the formulas (1), (2) and (3) are individually 
different for the ions and, as a rule, increase rapidly at ionic strength 
values above 0.1. 

For binary electrolytes the formula of Debye and HItckel gives 
the same activity coefficient for both the cation and the anion, but 
this is not always the case as is proved by the measurements of 
Hass and Jellinek (1932). 

In figure 1, the relationship between p/+, a and Vo is represented 
for some uni-uni-valent salts, whereby 0, 1, 2, 3,... 8 Ä have been 




Studies on lonic Exchange 


15 


chosen as suitable a-values. The limit line a = 0 applies to ions 
conceived as charged points. At such an a-value, formnia (3) changes 
into formula (2). The figure includes experimentally determined 
pf± values, taken from Landolt-Böenstein^s tables (1931), at 
different concentrations for the salts mentioned in the figure. It 
appears from figure 1 that with increasing concentration, the pf± 
curves deviate from the straight the faster, the higher the a-value, 
that is to say the greater the effective diameter of the ions is, Further- 
more, the figure shows that the pf± values of the three salts LiCl, 
NaCl and KCl practically coincide at ionic strength values below 
0.01 but, above this value, LiCl lies lowest, NaCl higher, and KCl 
highest. The differences between them grow in relation to the ionic 
strength and become considerable already at moderate ionic strength 
values. The Cl-ion being common for the salts mentioned, these 
eonditions must be explained in the first place by the effect of the 
different size of the cation. As mentioned above, the volume of the 
hydrated ion decreases for these alkali cations in the order: Li > 
> Na > K. As a consequence, the a-value for the three alkali chlorides 
also decreases in the same order and, according to the theory, the 
relative position of the experimental values ought to be the same as 
the position of the calculated curves for the corresponding a-values 
at not too high ionic strength values. The figure, too, indicates 
that so is the case. Increasing a-values cause a decrease of the inter- 
ionic forces. That, in its turn, leads to the consequence that, under 
otherwise identical eonditions and at an ionic strength which is 
not too low, the aetivity coeffident for homovalent and chemically 
closely related ions is the greaterj the more hydrated the ion, Thus, 
for the alkali ions, / inereases in the order; Cs<Eb<K<Na<Li, 
cf. fig. 3. As will be seen trom the experimental results, this 
relation is of fundamental importance for the interpretation of 
many ion exchange reaetions. 

Still, it is not always sufficient to consider the ionic diameter, 
when the aetivity coefficient is to be calculated at ionic strength 
values above 0.1. The deviations which oceur may be caused, partly 
by a change of the dielectric constant of the solvent in the neigh- 
bourhood of the central ion — the ion swarm condenses when the 
concentration inereases —, and partly by a beginning association 
between ions of opposite charge. 

By theoretical considerations, Bjeerum (1926 a and b) arrived 
at the conception that, in certain cases, it might happen in electro- 
lyte Solutions that some of the ions are associated, that is to say 
the cations and anions are, on account of the interionic forces, so 
<*losely tied together in pairs that, outwards, they nearly behave 
as molecules. However, Bjeerum presumes that only Coulomb- 
forces are at work, so that an ion J)air which is associated in such a 
way, must not be considered to be an undissociated molecule. The 
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Fig. 3. Activity coefficients for Li, Na, K, Mg, Ca, and Ba, computed from p/+ 
and p/pi, and /jj experimentally determined in alkali chlorides. Gompiled from 

Du Rietz (1938). 

equilibriiim between associated and free ions is governed by the 
law of mass action whercby, however, activity is to be used. Associ¬ 
ation takes place when the distance between the charge centra of 
both ions falls below a certain minimum distance, rm, which depends 
on the valence and the temperature and which can be represented 
by the following expression: 

2WkT ’ 








Studies on lonic Exchange 


17 


where n denotes the valence, e the unit charge, D the dielectric 
constant, k Boltzmann’s constant, and T the absolute temperature. 
For monovalent ions in water at 18° C, rm is equal to 3.52 A. When 
the mean diameter, a, of a cation and an anion beeomes less than r»», 
ion association takes place to a greater or lesser extent. The degree 
of association increases rapidly with the increasing difference a 
and with the concentration and valence of the ions. lons of high 
valence and small ions are therefore, at not to low concentrations, 
associated to a considerable extent, while large, monovalent ions 
are not likely to show any noticeable association. Calculations 
made by Bjerrum (1926 a), Muller (1927, 1928) and others showed 
that monovalent ions exhibit marked association effects only when 
a<2 Å, Therefore, the alkaline ehlorides, all of which have higher 
a-values than 2 A, will not be associated. For bivalent ions the 
association already beeomes noticeable when a falls below 7 Å; 
for this reason, the alkaline-earth ehlorides probably show a tendency 
towards association at rather low concentrations. According to 
Bjerrum, a == 5.8 å for BaClg. 

As a consequence of ion association, the activity coefficient for 
the ions concerned is more or less reduced. When jS indicates the 
degree of association, c the total ion concentration, and /o the activity 
coefficient for the free ions, caleulated according to Debye and 
IlucKEL, the concentration of the free ions is equal to c(l — /?), and 
the activity coefficient (/) for the electrolyte, when regarded as 
completely ionized, is determined by the expression: 




Consequently, in Solutions where /S > 0, the formulas of Debye and 
HtiCKBL lead to too high values for the caleulated activity Coeffi- 
cients as was shown by Bjerrum. Muller (1927, 1928), Gron- 
WALL, LaMer and Sandved (1928) obtained similar results, though 
in a different way. The decrease of the activity coefficient through 
association, which takes place in the more conceötrated Solutions, 
is particularly noticeable in the case of the polyvalent ions. 

There are divergent opinions as to what happens to the »sphere» 
of hydration water when the ions assoeiate. When working out his 
association theory, Bjerrum presumed that only Coulomb-forces 
were at work; this means that the ions do not touch each other 
<lirectly but that the »spheres» of chemically bound hydration water 
remain intaet. Ulich (1933) mentions several reasons supporting 
this opinion. Pauli and Valkö (1929), on the other hand, maintain 
that in colloids the adsorption of strongly bound or associated 
counter-ions causes a partial or even complete dehydration at the 
]>oint of contaet. Du Rietz (1938), too, supposes that the hydration 
water is not bound so strongly. 

2—-46690 Lantbrukahöggkolans Annaler» Vol. 14 
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In the associated ion pairs the ions, according to Bjeerum, are 
supposed to retain their individuality. When ion association is 
connected with dehydration, the ion pair might be considered as 
either forniing an intermediate stage between an ion pair, which is 
associated according to Bjerritm, and an undissociated molécule or, 
in certain cases, being actually identical with the latter. When the 
ions come into immediate touch with one another, it must be pre- 
sumed that they become more or less deformed by polarization; 
this leads to a strengthening of the association and an increase in 
the degree of association. Nothing, however, is changed by this as 
to the principle. 

The association conditions in colloids will be treated in a later 
chapter. 


4. The Structure of the Micelle. 

A colloid particle with surrounding ion swarin is called micelle 
according to Duclaux (1907). It consists of two parts: 1) an inner, 
electricaily charged part which is often called colloid ion (Pauli 
and Valko 1929) or macroion. The colloid ion consists of a solid 
kernel, called uliramicron (Wiegner 1925), and an electricaily 
charged layer, the so-called inner layer, attached to the kernel. 
2) an outer part consisting of the oppositely charged ion swarm, 
the so-called counter-ions surrounding and electricaily compensating 
the colloid ion. The part of the micelle outside the colloid ion is 
usually called inside solution or micellar soluiion in contrast to the 
free or outside solution, 

Several theories have been published aimed at explaining the 
electrical properties of the miceUe. The oldest among them is the 
theory worked out by Helmholtz (1879) about the electrical double 
layer. The micelle is thought to act as an electrical condenser. The 
inner layer is formed by electricaily charged groups or adsorbed 
ions on the outside of the ultramicron and this is surrounded by an 
outer layer of ions of opposite charge at short distance. Helmholtz 
assumed that the thickness of the double layer was constant and of 
molecular dimension, However, the double layer of Helmholtz 
gradually proved to be too schematic. 

The theory advanced by Gouy (1910) was considered to mark an 
important progress. In conformity with Helmholtz, he regards 
the inner layer as a uniform distribution of electrical charges on the 
surface of the ultramicron, whereas the outer layer is diffusedly 
distributed, forming an ion swarm. The density of the counter-ions 
is greatest next to the surface of the colloid ion and decreases con- 
tinuously towards the outside solution. Also ions of the same charge 
as the colloid ion form part of the ion swarm, »Nebenionem (Pauli 
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and Valkö 1929), which belong to the free electrolyte. The density 
of the nebenions increases towards the outside solution. 

Stebn’s (1924) conception of the micelle stnicture includes both 
the double layer of Helmholtz and Gouy’s diffuse ion swarm. 
Innermost, the counter-ions form a densely closed one-ionic layer at 
the outside of which the other ions are diffusedly distributed with 
the density decreasing in the outward direction. In dilute Solutions, 
Stern’s double layer changes into Gouy’8 ion swarm, while, in 
concentrated Solutions, it tends to change into the double layer of 
Helmholtz. 

It must be assumed that the ions forming part of the micellar 
solution but not being associated are freely mobile under the influence 
of thermic motion and the electrostatic forces. In other words, 
they are in equilibrium both with the colloid ion and the outside 
solution. For this reason, it is impossible to attribute some of the 
counter-ions to a salt emanating from the outside solution and others 
to the colloid ion. As a consequence of the electrostatic attraction, 
the concentration of the micellar solution is greatest at the surface 
of the colloid ion decreasing in the outward direction. In the out¬ 
side solution the concentration is constant. 

At first, the colloid ion was considered to be compaci and more 
or less spherically shaped; furthermore, it was thought to be provided 
with a great number of charges attached rather regularly to the sur¬ 
face. However, this conception had to be abandoned as being too 
schematical as far as many ion exchanging substances were con- 
cerned. 

By exchange reactions carried out by Wiegner and collaborators 
(Oernescu 1933, Wiegner 1936), by X-ray analysis of clay minerals, 
and by calculations of exchange capacity and charge density made 
by Mattson (1926) and Du Kietz (1938), it has been shown that 
the surface of solid ion exchangers is, as a rule, not even but more 
or less irregular, which leads to an augmentation of the surface. If 
this were not the case, the charge density of many ion exchangers 
would reach absurdly high values. The explanation might be found 
in a very high value for the specific surface, which is thought to arise 
in the following way: 

The colloid particles may be either primary, monons, or secondary 
ones, polyons. In the latter case, they have originated from the 
aggregation of monons. Hereby no compact association occurs 
hut plenty of channels, cavities and hollows of varying dimensions 
and shapes are formed. This is described by the expression that the 
ultramicron has inner and outer surfaces. It is internally dispersed. 

Even the specific surface of the primary particles may be increased 
hy irregularities in the crystal fracture or in the wall of the part- 
it^^les; these conditions are called metatexturation by Wo. OsTWAxn 
(1935). Moreover, eertain substances have a crystal lattice which 
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is open to such an extent that ionic exchange can take place inside 
the lattice; such is the case e.g. with the montmorillonite and beidel- 
lite minerals. The inner surface of such ion exchangers naturally 
becomes very great. Certain organic ion exchangers of aromatic 
character are built in a net-like way, which leads to a very great 
specific »surface» and brings about ionic exchange inside the body. 
lon exchangers of this type are the synthetic resins which will be 
dealt with in detail in part IV. 

Du Rietz (1938) maintains the opinion that the colloid particles 
are of a gel-like nature. It might be assumed that such a conception 
could be specially applied to undried, isoelectricully precipitated 
silicates which ha ve not had time to become crystalline. 

As a matter of fact, there scarcely seems to be a distinctive dif- 
ference between the gel hypothesis by Du Bietz when applied to 
permutite, and the conception about inner and outer surfaces. In 
many ion exchangers, e.g. permutite, the ultramicron undoubtedly 
forms a net-work of channels and cavities, on the metatextured walls 
of which the active ion exebanging groups are situated. Here, it 
is equally justified to speak about a gel as about a body with inner 
and outer surfaces. The behaviour of permutite in electrodialysis 
indicates that it is built in such a sponge-like way. When the per¬ 
mutite material used in the present investigation was electrodialysed, 
a Bo-called Mattson-cell was used (Mattson 1926). It could be 
observed that, when the material was not stirred up, the power of 
the current soon decreased to a low value but rapidly inereased 
again, when stirring took place. Gradually the power of the current 
decreased again and anew inereased after stirring. The power of 
the current showed the same development when the anode- and the 
cathode-poles were interchanged after the anode- and cathode 
chambers had been emptied and washed clean from electrolytes. 
The explanation might be found in the fact that the ions within 
many of the cavities and pores, in their migration towards the anode- 
or cathode-poles, have free passage only in one direction but are 
blocked up in the opposite direction. As soon as the unblocked ions 
have been removed, the power of the current decreases. Only after 
stirring up the permutite or exchanging the polarity, new pores 
can be emptied of their ion contents. 

From the preceding diseussions the conclusion may be drawn 
that ionic exchange to a great extent will be influenced by the 
strueture of the colloid ion; as a matter of fact, this has been shown 
by WiEGNEB and collaborators (Wiegner 1936). When the ex¬ 
change takes place on a monon which toward the reaeting ions 
behaves as compaet and which lacks inner surfaces, the process is, 
according to Wiegner, said to proceed in an »extramicellar» way.^ 

^ The expression being inaceurate from the linguistic point of view, it will 
be replaoed here by the expression otUer-mrface ion exchange. 
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The same applies for polyons when the structure is so fine that the 
reacting ions are unable to penetrate into the cavities. The »intra- 
micellar» ionic exchange^ (according to Wiegner) takes place in 
the cavities of the polyon or within the crystal lattice of the monon, 
when the structure is sufficiently open. 

Kaolinite may be mentioned as an example of materials with 
outer-surface ion exchange and low exchange capacity. In contrast 
to kaolinite montmorillonite shows inner-surface ion exchange 
and high ion exchange capacity. The explanation is to be found in 
the crystal structure of the mineral. For particulars see the fol- 
lowing chapter. 

According to its hetero-dispersed structure, permutite performs 
both outer- and inner-surface ion exchange and, for this reason, 
possesses high cation exchange capacity. While small ions have access 
to a great part of the ion exchanging surface, the larger ions, on 
account of their size, have to content themselves with a minor part; 
this condition is called ion hlochade by Wiegner (1936). The ion 
blockade increases with the size of the ions. The inner surface of 
permutite is very great in comparison with the outer surface; this is 
proved by the fact that no increase of the exchange capacity can 
be brought about by grinding the permutite, as was demonstrated 
by Kelley and Jenny (1936). 

5. The Crystalline Structure of Clay Minerals. 

Ever since Hadding (1923) with the aid of X-ray analysis could 
demonstrate the occurrence of the minerals quartz, kaolinite and 
muscovite in the finest sedimentation products of clays and Eoss 
(1927) showed that crystalline clay minerals are universally present 
in soils, much interest has been devoted by crystallographically 
niinded pedologists and geologists to studies of the clay fraction. By 
iising X-ray analysis, the electron microscope, and thermal methods, 
attempts have been made to identify the clay minerals and to explain 
their crystalline structure, as well as to interpret, with the aid of 
the results thus gained, many of the Chemical and physical properties 
of the so-called soil complex. 

Most scientists within this sphere now seem to agree that, setting 
aside small possible amounts of quartz and felspars, clay colloids 
])rincipally consist of crystalline siUcates of the layer lattice type 
h(donging to the mineral groups of montmorillonite, kaolinite, and 
^nica (Grim 1942, Schachtschabel 1943). Besides montmorillonite, 
Hiere are several minerals belonging to the montmorillonite group, 
e.g. the rather common nontronite and beidellite — the latter 
heing of a much disputed character — and the less frequently found 

^ Here called inner-mrf<tce ion exchange. 
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saponite. Even tbe kaolinite group comprises several minerals, the 
most common of which are kaolinite, halloysite and metahalloysite. 
The mica group — called illite group by Grim, Bray and Bradley 
(1937) — eontains several minerals which are like white mica, but 
have lower potassium and higher water contents than this. The 
composition of montmorillonite may be described by the formula 
Al203‘48i0j*H20 +nll20, beidellite by Al^Og-38iO’• nH^O, non- 
tronite by FcjOa* 3Si02* nHgO and kaolinite by AljOg* 2 Si 02 ‘ 2 H 2 O. 

With regard to the crystal structure of the clay minerals, it can 
be stated that the results reached by the scientists, though certainly 
agreeing in general, often show rather grave differences, as far as 
the details are concerned which sometimes might be considered 
decisive for the x^roperties of the mineral in question. In fig. 4 the 
structure of the most common minerals is shown. 

These minerals have that in common that they are built from 
elementary layers which consist of one or two Si-O-tetrahedron planes 
and one Al-O-OH-oktahedron plane. A short description will be 
given here of how they, on account of their X-ray spectra, are thought 
to be built. 

According to Hofmann, Endell and Wtlm (1934) and Edelman 
and Favejee (1940), montmorillonite consists of elementary layers 
arranged side by side. Every elementary layer eontains two Si- 
planes and between them one Al-plane. The Si-planes are built 
in such a way that the Si-ions, according to Uofmanis et al. (1934) 
form the centre in an O-ion tetrahedron, while, according to Ebel- 
MAN and Favejee (1940), they form the centre in an O-OH-ion 
tetrahedron, figure 4. In the Al-plane the Al-ions are oetahedrally 
surrounded by six O- and OH-ions. The tetrahedron and oetahedron 
planes are kept together by mutual O-ions. The OH-groups bound 
to the 8i-ions are likely to be able to give off protons and exchange 
cations. While the thickness of the elementary layer is constant, 
about 9 Å, the distance between two elementary layers can vary 
considerably. While the lattice forces within the elementary layer 
strongly bind the ions inside, the forces which are at work between 
the elementary layers are weak and therefore allow the layers to 
separate from each other under certain conditions. This, for instance, 
is the case when montmorillonite takes up water and swells. The 
water molecules penetrate between the elementary layers, whereby 
a one-dimensional swelling takes place which is direeted rectangul- 
arly to the basal plane. On account of the great distance between 
the elementary layers in swelled up montmorillonite, the ions can 
easily migrate into the lattice. An inner-surface ion exchange 
takes place and, accordingly, the montmorillonite does not exhibit 
any ion blockade as has been demonstrated by Cernescu (1933) 
and WiEGNER (1936). When saturated with sodium, montmorillonite 
is able to swell to such an extent that the lattice completely dis- 
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Fig. 4. Crystal structure in rectongular section to the lattice plane of: 

a. montmorillonite, according to Hofmann, Endell and Wilm (1934); 

b. montmorillonite, according to Edblman and Favejeb (1940); 

c. kaolinite, according to Gbunbb (1932); 

d. illite, according to Gbim, Bray and Bbadley (1937). 
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integrates into elementary layers (Hofmann 1942). It is interesting 
to know that the density of the lattice in minerals of the mont- 
morillonite-, beidellite- or nontronite-type is dependent, even in 
an air-dried State, on the type and the concentration of the saturating 
ion. Thus Gieseking ^1939), on saturation Avith the large tributyl 
mono-heptyl ammonium ions, found (».onsiderably greater distances 
between the elementary layers than on saturation with smaller ions, 
as calcium or hy drogen. 

According to Gruner (1932), kaolinite is built up from alternating 
planes of octahedral Al-O-groups and tetrahedral Si-O-groups, 
figure 4. The planes are mutually kept together by O-ions sitting 
between the Al- and Si-ions. Kaolinite has a very dense ion lattice 
which is considered to be responsible for the fact that only outer- 
surface ion exchange is to be found in kaolinite and that there is 
no ion blockade. The kaolinite group does not swell up in water. 

The ground structure of the elementary layers in the mica-group 
is the same as in montmorillonite (Grim 1942) biit the distances 
between the layers are small. As a further contrast to montmoril¬ 
lonite, the mica does not show any swelling in water (Hofmann and 
Giese 1939). 

As a consequence of the composition and structure of montmoril¬ 
lonite and kaolinite, the former has a high ion exchange capacity, 
about 80—100 m.e./lOO g, and the latter a low one, about 3—10 
m.e./lOO g. The mica-group occupies an intermcdiate position 
because ion exchange, according to Schachtschabel (1940), takes 
place both on the surface of the crystals and, to a certain extent, 
inside them. A detailed description of a great number of clay minerals 
with regard to their composition, structure and relationship is given 
in a monograph by Grim (1942). 

It must be considered as proved that, as a rule, the clay colloids 
contain crystalline clay minerals as their main constituents. The 
inorganic ion exchange material in the soil which, a few years ago, 
was thought to consist rnainly of amorphous aluminium and iron 
silicates of varying composition, is now considered by a great 
number of pedologists to consist of a few clay minerals which are 
well defined with regard to their structure. However, this opinion 
is not satisfactory from many points of view. The Chemical decom- 
position constantly in progress in the soil which causes minerals 
to disintegrate and new ones to come into existence, thus creating 
soils of a marked variability even from identical parent material, 
naturally leads to the occurrence of transitionary formsof the difterent 
minerals. Soil is not a statical formation but must be considered 
as a complex system in which many different Chemical and physical 
processes of constantly changing intensity are continuously going 
on, bringing about a dynamic State of the soil which never leads to 
real equilibrium. 
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Therefore, it was a matter of great interest, when Maeshall 
(1935) by way of mathematical calculations could show that certain 
ions in the silicate lattice can isomorphously become replaced by 
others. Thus, Marshall found that in the silica tetrahedrons Si 
can be replaced by Al and to a minor extent by P, and in the alu¬ 
minium octahedrons Al by Fe, Mg, and Ti. As a natural conse- 
quence of such a change in the coraposition of the silicate lattice, 
transition from one mineral to another is made possible, and the 
clay minerals can, without loosing their crystal structure, undergo 
modifications with regard to certain properties, as exchange capacity, 
isoelectric point etc. It is worth mentioning in this connection that 
Larsen and Steiger (1928) could prove the existence of a complete 
isomorplious series of transitional minerals between beidellite on 
one side and nontronite on the other. 

Nothing is said about the velocity of this lattice ion exchange 
and about tlie influencing factors, but it may be assuraed that the 
transformation proceeds very slowly and that it is intimately con- 
nected with the composition of the soil solution and with the weath- 
ering processes which, continuously in progress, are regulated by 
the different pedogenic factors. The ions in the lattice are tied to- 
gether by the very strong lattice forces; for this reason, a change or 
decoinposition of the lattice will be a very slow process. This ex¬ 
change of lattice ions must not be mistaken for the process which 
usually is called ion exchange and which consists in an equivalent 
interchange of counter-ions in the ion swarm with ions of the same 
sign of charge in the outside solution. This ion exchange is an in- 
stantaneously accomplished reaction. A strict limit can hardly be 
drawn between lattice ion exchange and ordinary ion exchange. 
Judging by the results of Hoagland and Martin (1933), Bray 
and DeTurk (1938), and DeTurk, Wood, and Bray (1943), it 
rather looks as if there existed an equilibrium between the lattice 
bound, »non-replaceable», and the easily replaceable ions. When- 
ever the expression »ion exchange» is used in the foUowing, it is 
always intended to signify the exchange of counter-ions, if the con- 
trary is not explicitly indicated. 

Kelley and Jenny (1936) have come to the conception that 
the minerals forming the clay fraction embrace a complex series of 
isomorplious minerals and that they are dependent with regard to 
both quality and quantity on the conditions prevailing in the soil. 
A corresponding view is expressed by Jacob (1942, 1943). With 
the aid of X-ray spectography and the electron microscope, Jacob 
and coworkers have been able to demonstrate that in the finer clay 
fractions, the clay minerals showed transitional States between the 
minerals which are typical for the coarser clay fractions. These 
conditions became the more marked, the more the diameter of the 
particles decreased. Thus, the clay minerals are not limited to a 
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small nuinber of characteristic minerals, but are continuously sub- 
jected to disintegration and formation under the influence of the 
conditions in the soil. 

To a great extent, this conception reconeiles the opinion that the 
clay colloids represent distinet and statieal, erystalline minerals, 
with the theory advanced by Mattson (Mattson and Gustafsson 
1937) and contested by some crystallographically working pedo- 
logists, about the gel-like soil eomplex as being the aetive part in 
the soil, which is dynamic as regards composition and dependent 
on the pedogenic factors. The eorrectness of Mattson opinion 
is underlined by the fact that Hofmann (1942) found the bulk 
of the elay material in certain soils to (‘onsist of amorphous silieates. 

Sometimes, the opinion is advanced that all inorganic ion ex- 
ehangers are erystalline. Therefore, amorphous rnatter should not 
be able to perforni ion exchange. Such a view must be rejected as 
being obviously wrong. Several technically used synthetic ion 
exchangers which are characterized by high exchange capacity, 
as Na-permutite, Filtrol etc., must be qualified as amorphous accord- 
ing to Hofmann (1942). The same applies most probably to iso- 
electrically precipitated, not aged gels of irou and aluminium silieates 
as indicated by Einne’s (1924) investigations. Einne subjected 
aluminium silicate, which had been precipitated by Steemme 
and kept for fifteen years, to X-ray analysis and verified herewith 
that the silicate gel was still amorphous. Even synthetic Na- and 
Mn-permutites were found to be amorphous. Further Mattson 
(1938) increased the exchange capacity of Wyoming bentonite from 
101 to 234 m.e./lOO g by fusion with NagOOg. 

The erystalline State is the most stable one, and for this reason 
matter tends to pass from an amorphous into a erystalline State. 
But as a rule, the crystallization processes require a certain time. 
When iron and aluminium silieates are isoelectrically precipitated, 
the precipitation process is instantaneously accomplished. There¬ 
fore, it is difficult to imagine how any noticeable formation of 
crystals could have time to take place. Gels which have been pro- 
duced in this way possess such a high cation exchange capacity that 
the greater part of this capacity must be ascribed to the amorphous 
gel, even if nontraceable microcrystals should have been formed. 
In consequence, only the acidoid theory is fitted to explain the base 
exchange capacity in such substances. The same applies to Hof- 
mann^s allophane clay. 

6. The Chemical and Physical Nature of the Surface Complex. 

When it is a question of satisfactorily explaining the exchange 
reaetions taking place in an ion exchanger, great emphasis has to 
be attached to a simple and correct conception, not only of the 
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structure of the ultramicron, but, to the same extent, of the structure 
and nature of the active or ionogen part of the micelle. The theories 
as worked out by Helmholtz, Gouy, Stern and others only con- 
sidered the structure of the ionogen part in general, including certain 
physical properties but not its genesis and Chemical nature. By 
examining in detail the structure, genesis and function of the ionogen 
part in natural ion exchangers, greater possibilities have been opened 
towards a better understanding of the complicated and varying 
reactions which take place on ionic exchange. Among the most 
important theories aimed at explaining these reactions may be 
mentioned the adsorption theory and the acidoid theory. 

The adsorption theory, which has had many supporters, at first 
corisidered the ionogen part as being something like the double 
layer of Helmholtz (Jenny 1927). Later, in accordance with Gouy 
and others, the counter-ions were tliought to be more diffusedly distrib- 
uted (WiEGNER and Pallmann 1929). The inner coating consists 
of OH-ions which are adsorbed on the surface of the ultramicron. 

For many scientists, however, the adsorption theory appeared 
unsatisfactory from many points of view; for this reason, the whole 
X)roblem was reconsidered under a more c.hemical aspect. In this 
way, the acidoid theory has been developed which, functionally, 
is of a much more universal character. 

Here, attention shall be paid in the first place to those exchangers 
which are of greatest importance in pedology, the inorganic-organic 
soil colloids or soil complex. 

In the latitudes of Sweden, the soil colloids are usually negatively 
cliarged and act as polyvalent insoluble acids, acidoids, because they 
protolyse hj^drogen ions which are replaceable by added cations. 
But the soil colloids show even properties indicating that they have 
basic character, since they bind anions and at the same time set 
free OH-ions. They behave as basoids. On account of their acidoid 
and basoid properties, the soil colloids can be regarded as ampho- 
lytoids which form salts, saloids, with both bases and acids. Above 
the isoelectric point, I. E. P., the total eharge as indicated by 
clectrophoresis becomes negative, while it becomes positive below 
the I. E. P. 

In most cases, the soil colloids seem to me to be a formation of: 

1) a number of crystalline clay minerals forming the main mass 
of the clay particle, the silicate skeleton, 

2) gel-like silicates of a more undefined character as to their com- 
position, 

3) humus matter. 

The two latter components are found in intimate Chemical and 
physical union with each other and with the surface of the silicate 
skeleton and form together with this the surface complex which is 
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the active pari of the clay partiole. The relative part played by 
the three components varies considerably from soil to soil and even 
a little with the seasons, the latter variation being dependent in 
the first place on the humus part. 

The humus in the soil is likely to be more or less intimately bound 
to the lattice and gel-like mineral part, a view whioh is supported 
by Tyd LIN (1938). 

Concerning the genesis of the ion exchanging properties of the soil 
colloidal material, there still seems to be soine unclearness. It is 
most probable that OH-groups which are attached to the free sur- 
faces of the lattice and are bound to Si-ions, behave like aeids, and 
give off protons and exchange cations. The mineral reacts the 
same way as silicic acid with the exception that the active OH- 
groups are attached to a macroanion. The strongly acid suspension 
effect of electrodialysed bentonite, consisting mainly of mont- 
morillonite, poiiits to the presencc of protolysed H-ions and con- 
sequently indicates acidoidic nature. There are otlier inorganic ion 
exchanging substances showing the suspension effect increasing in 
proportion to the strength of the acidoid. The good correlation 
existing between the ion exchange capacity and the specific surface 
of the minerals, which has been undisputably shown by Kelley and 
Jenny (1936), proves that ion exchange can take place on the 
lattice surfaces of the minerals and, presumably, in the way men- 
tioned above. The authors have succeeded in raising the base ex¬ 
change capacity up to several hundred per cent by grinding some 
minerals and soil colloids. 

It has been postulated by Hofmann, Endell and Wilm (1934) 
that in the clay minerals the exchangeable ions are held fast by 
what might be called »broken bonds». The breaking up of the clay 
crystal results in a breach between Si-O-Si in the silica tetrahedron 
layer and thereby in free bonds. According to the aforesaid in- 
vestigators, these bonds are compensated in such a way that cations 
are bound, whereafter they become capable to act as exchangeable 
ions in water. No detailed explanation is given as to how the reac- 
tion is accomphshed. Thus, the low cation exchange capacity of kao- 
linite is explained by the fact that the exchange is confined to 
broken bonds (Grim 1942). 

However, such a conception of the origin of the ion exchange 
is impossible because the electro-neutrality must be maintained 
both in the crystal and in its environment. In contrast, the reaction 
is likely to take place under participation of water molecules. In 
connection with the breaking of the crystal, breaches can arise both 
in the Si-O-Si and in the Si-O-Al bonds. With every splitting of 
this kind one negative and one positive bond are set free and, there- 
fore, one H-ion and one OH-ion from the water can take part in the 
reaction in the following way: 
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Si-0-8i + 11 + OH-Si-OH + Si-OH 
8i-0-Al + H + OH = Si-OH + Al-OH 

In the crystal breach, OH-groups arise which are able to act as 
acid (Si-OH) and base (Al-OH) respectively. 

It seems to be rather unlikely that, as Kellby et al. (1936) assume, 
the broken bonds should polarize and adsorb water-molecules, 
»broken-bond-water», which thereafter would give off H-ions. 
By this, the »broken bonds» cannot get neutralized as, on the con- 
trarj^, is the case if the reaction takes place as mentioned. 

IIENDRICKS (1942) and others apparently intend to explain the 
base ex(ihange capaeity of the montmorillonite-like minerals as being 
mainly dex)endent on substitutions in the lattice, Mg^ ^ for Al^^ 
and AP^ for 8i‘‘^, resulting in the formation of free negative charges 
(from uncompensated oxygen ions) which become compensated by 
the exchangeable cations. But even in this case, the cation exchange 
is naturally localized to OH-groups acting as acids. Such a lattice 
substitution certainly plays an important röle in the origin of the 
base exchange capaeity in these minerals with their small particles 
and open lattice strueture, but it can be reasonably doubted if the 
lattice substitution is alone responsible for the ion exchange capaeity, 
as should be the case if the lattice was built according to Hofmann, 
Endell and Wilm (1934). In consequence, a not substituted mont- 
morillonite of this strueture should have an exchange capaeity 
approaching zero. Edelman and Pavejee (1940) avoided this 
diffieulty by assuming Si-bound OH-groups to be attached to the 
surfaces of the elementary layers, fig. 4. The OH-groups bound to 
the Al-octahedrons, which moreover are placed inside the elementary 
layer-lattice, are hardly able to release H-ions and to bind cations 
to a larger extent at the pH values which generally prevail in the 
soil. 

However, the views mentioned above are insufficient to explain 
the exchange conditions in the soil colloids in general and especially 
in the amorphous ion exchangers. As emphasized before, the soil 
colloids consist not only of a regular lattice but have a more complex 
strueture, Anyhow, taking the theory of Damsgaard- 80 RBNSEN 
(1941) as a basis and with reference to the above postulated compo- 
sition of the soil complex, it is stiU possible to get a reasonable 
pieture of the surface complex from the conception of a crystal 
lattice forming the bulk of the exchange complex. 

Apart from OH-groups tetrahedrally bound to 8i and funetioning 
as acids, one could imagine that charged groups or ioUs originating 
on the lattice are attached to the inner and outer crystal surfaces 
of the ultramicron by means of oxygen atoms. These ions or groups 
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are of a varying nature according to the colloid character. In soil 
eolloids whicli are built mainly from SiOg, AlgOg, FogOg, MO, MgO 
and humus, the ionogen part principally consists of aluminiumaquo 
[—^Al(H 20 ) 3 ( 0 H) 2 l, ferriaquo [—Fe(H 20 ) 3 ( 011 ) 2 ] and silicic acid 
groups [— SixOy(OH)z] which are mosaically distributed and tied 
to Al- and Si-ions in the lattice by oxygen atoms. Even carboxyl 
(—COOH) and phenol groups (—^CeH 40 H) belonging to the humus 
component form an important part of the surface complex. As far 
as phosphoric acid is found in the complex, it too will contribute 
to the charge of the colloid. Other inorganic eolloids as permutite, 
Fe-silicate and Al- and Fe-phosphate can be thought to be built 
in an analogous way as far as the active groups are concerned. 

A 1 (H 20 ) 3 ( 0 H )3 reaets amphoterically. Below the isoelectric point 
it behaves as a weak base thus binding protons in an ever inereasing 
degree and becoming more and more positively charged, the more 
acid the solution is. Above the isoelectric point, it reaets as a weak 
acid giving off protons and becoming negatively charged. These 


Decreasing H- 
ion-aetivity 

Dissociation i 
of protons 


relations can be illustrated in the following way: 

I. E. P. 

Al(H20)3(0H)g 


Inereasing H- 
ion-aetivity 

+ / 

Addition A 1 (H 20 ) 4 ( 0 H )2 
of protons J 

AUH20)5(0H) 

A1(H,0). 


Al(H80)a{0H)4 

I 

i 

A1(H20){0H)4 

J 

Al(Öi)4 


The [—Al(HaO) 3 (OH) 2 ]-group which is bound to the lattice will 
consequently reaet as either base or acid in accordance with the 
H-ion concentration in the outside solution. As the group is written 
here, it can be said to be in its isoelectric condition. The positive 
charge is neutralized by the 0 -ion forming the bond to the lattice. 
Below the I. E. P. the group takes up protons thus getting a positive 
charge and binding anions. Above the I. E. P., on the other hand, 
the group will dissociate protons, become negatively charged and 
bind cations. The foUowing schematical formulas^ may iUustrate 
the development at addition of hydrochloric acid: 


—A1(H20),(0H)2 + H + Cl = —A1(H20)4 OH j Cl 


—A1(H20)40H 


Cl + H + Cl 


-AICH^O), 


2 Cl 


^ In th© for m n l as, : indioartes th© limit b©tw©©n colloid ion and count©r-ion. 
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When more acid is added, the group binds a third proton but 
becomes hereby detached from the lattice and goes into solution as 
Al(H20)eCl3. Herewith the disintegration and dissolution of the 
lattice is initiated. 

If sodium hydroxide is added, the corresponding equation will 
become: 

—A1(H20)3(0H)j h Ka + OH = —Al(H20)2(OH)3 i Ka + HaO 

—Fe(H 20 ) 3 ( 0 H )2 reacts in a similar way but its isoelectric point 
is somewhat lower than that of the Al-group. 

The protolysis of the silicic acid-, the phosphoric acid- and the 
humic acid-groups is also regulated by the hydrogen ion activity. 
In contrast to the Al- and Fe-groups, these acidoid groups possess 
only acid properties and, in general, are alone responsible for the 
cation binding capacity of the soil colloids and for the acid reaction 
which the colloids show in an unsaturated State. The cation binding 
capacity that can be ascribed to the Al- and Fe-groups, is of a merely 
theoretical interest in connection with normal soils under Swedish 
conditions, because the isoelectric point for these groups lies so 
high that cation binding on a larger scale is scarcely possible. On 
lateritic soils the cation binding of these amphoteric groups might 
be of importance since the pH of the soil is often high and the com- 
plex is rich in sesquioxides. 

The acid binding capacity of the soil colloids has to be ascribed 
in the first place to the basoid Al- and Fe-groups and, to a certain 
extent, to —KHg belonging to the humus component. 

The isoelectric point of the colloid complex is determined by the 
relative strength and quantitative amount of the acidoid and basoid 
parts. This has been experimentally demonstrated in several papers 
by Mattson (1930, 1931). The equi-ionic point — the pH value at 
which the H- and OH-ion saturated complex can bind equivalent 
quantities of cations and anions (Mattson and Wiklandee 1937) — 
which is an important characteristic of the amphoteric properties 
of an ion exchanger, is also determined by the above mentioned 
factors. 


7. The Strength of Acidoids and Basoids. 

As appeared from the preceding chapter, the active groups of the 
soil colloids behave like weak acids and bases except that they are 
attached to the kernel of the colloid particle which forms a giant 
ion, macroion. It may even be said that the active groups are »solved» 
in the micellar solution but, on account of their attachment to the 
colloid kemel, they are not subjected to thermic motion beyond the 
Brownian movement of the colloid particle as a whole. 
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The protolysation of the acidoid groups may be assumed to be 
governed by the same laws which are valid for ordinary acids. 
Thus, the protolysation equilibrium is described by the expression: 


[H 3 OI [ A] 
[HA] 






where HA signifies the unprotolysed acidoid and A the acidoid anion. 
In polyvalent groups protolysation proc.eeds in steps, as in common 
polyvalent acids, and with decreasing dcgree of protolysation. The 
hydrogen ions are solved in the micellar solution, the acidity of 
which will be determined by both the concentration (rnolarity), 
the valence of the acidoid groups, and the degrec^ of protolysation. 

The hydrogen-ion concentration may vary from point to point 
in one and tlie same ion exchanger depending on a physical and 
Chemical heterogenity of the material. At one spot the acidoid 
groups may sit more densely than at aiiother; this, especially, 
should be the case on inner surfaces, in furrows and cavities. More- 
over, the acidoid groups may, according to their nature, vary con- 
siderably as to the degree of protolysation. The micellar solution 
will then be inhomogeneous. This surely applies to the soil colloids 
which possess groups with varying acidity, from the rather strong 
humus acids over the weak silicic acid to the very weak sesquioxides. 
The miitual position of the groups ccrtainly influences their strength 
as is the case in organic acids according to Bjereum (1923). 

The hydrogen ion concentration in the micellar solution in dif- 
ferent ion exchangers varies considerably as measured by the pHu 
of their suspensions. Thus according to Marshall (1942) the H-ion 
activities of the electrodialysed clays are in the order: Montmorillo- 
nite>beidellite>illite>kaolinite. Samuelson (1944) was able to 
compute that an exchange resin, which was saturated with hydrogen, 
had a 2.7 K. micellar solution, while another was only 0.027— 
0.069 N. Both were completely protolysed, their main difference 
being that the sulphonic-acid-groups were sitting more densely in 
the former than in the latter. In H-saturated condition the mineral 
colloids of the soil must be assumed to possess a rather dilute micellar 
solution; as a matter of fact, they behave like weak acids at titration. 
The humus fraction of the soil probably has a somewhat higher 
acidity than the mineral fraction. 

If all acidoid groups were equally strong, the acidoid would behave 
as a common acid and yield a neutralization curve of the same 
shape as an acid. Such is not the case in soil colloids for, there, one 
has to do with acidoids the acid groups of which have different 
valence and dissociation constants, Consequently, the neutralization 
curve is a compound curve representing a series of overlapping curves 
of the individual acid groups. 
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PuRi and Asghar (1938) have made titration curves of soils and 
considering these as dibasic weak acids they have calculated the 
and the equivalence point between and pTc^. The authors do not 
give any theoretical explanation for their assumptions and cal- 
culations. Judging from the curves which they present, the determin- 
ation of the equivalence point and, by that, of pfci must be considered 
to be somewhat arbitrary. Such a procedure rests on the supposition 
that the dissociation constants of those acid groups which corre- 
spond to the first stage of the (imagined) dibasic acid, are only slightly 
different, but that they differ considerably from the corresponding 
constants of the second protolysation stage. It must be considered 
extremely doubtful that this is generally the case. 

The degree of protolysation in an acidoid depends, apart from 
the strength of the acidoid, to a great extent on the amount and 
the kind of the neutral salts present; this question will be treated 
further in part III. 

The protolysation conditions of the basoids are much less known 
t han those of the acidoids. As a rule, the basoids are weak; this 
applies in the first place to the basoids to be found in the soil. The 
protolysation of the Al and Fe groups has already been discussed. 
As in the acidoids, the protolysation of the basoids depends on the 
kind and the amount of the neutral salts present. 

8. Néutralization Curves and Cation Exchange Capaciiy. 

In acidoids and ampholytoids with slightly" protolysed acidic 
groups the protolysation and, with that, the capacity to bind bases 
increases with the pH-value in the outside solution. 

The course of the néutralization curve, its more or less steep 
ascent, is detennined partly by the pk-values of the acidic groups, 
the intensity-factor, partly by the actual amount of these groups, 
the capacity-factor. Even the kind and quantity ot present salts 
are important (Mattson and Wiklander 1940). 

As the base or cation exchange capacity of an ion exchanger one 
generally designates the number of m.e. cations of a certain kind which 
100 g of the exchanger are able to bind at the pH-value 7.00 in the 
salt-free outside solution. The exchange capacity varies for a certain 
ion exchanger in proportion to the replacing power of the saturating 
ion. For most of the ion exchangers the exchange capacity at pH 7 
is not identical with the total exchange capacity. This is explained 
by the fact that the protolysation of the acidoid is not complete 
at this pH-value. 

Where not otherwise stated, all determinations of the cation ex¬ 
change capacity given in the following experimental parts refer to 
pH 7 and are calculated per 100 g H-saturated material dried in 
the vacuum above PjOj at room temperature. 

3 — 46590 LarUbrukahögakolans Annaler. Vol. 14 
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9. The Application of the Activity Concept to Colloids. 

Tho activity concept has lon^ been used successfully for common 
electrolytes, while its application to colloidal ele(‘.trolytes for the 
interpretation of exchange reactions has been con fined to a few 
papers during the last years. 

When ionic exchange is studied, the activity factor of the indi- 
vidual ions and their variations according to the composition of 
the solution are of greatest interest, while the mean activity factors 
are of inferior importance. However, it has, so far, proved very 
difficult to obtain exact values for the activity factors of the indivi- 
dual ions; this applies particularly to the ions forrning part of tlie ion 
swarm. The method proposed by Marshall and Bergman (1941) 
and Marshall (1942,1944 a) seems to be particularly interesting and 
proinising; according to this method the cation activity is determined 
electrometrically by using membranes consisting of clay mineral, 
e.g. montmorillonitc and beidellite, in the same way as the glass 
electrode is used for determination of the hydrogen ion activity. 
The method is applicable even in colloidal systems; however, it 
must be assumed that the method cannot give true values of the 
activity in the micellar solution. 

A dilute solution of a strong electrolyte contains no salt mole- 
cules but is a solution of ions. All reactions whi(ih eventually may 
occur, take place between the ions and not between molecules and, 
since activity is praclically regarded as effective concentration, it 
should be more correct to use ion activity instead of the mean ac¬ 
tivity of the electrolytes. In spite of the fact that the ion activity 
concept is widely used by physicists and chemists, objections against 
its use have been raised by Guggenheim (1929) and later by Davis 
(1942), who reject the ion activity because it cannot be thermo- 
dynamically defined and exactly determined by experiment. How¬ 
ever, Bronstei) et al. (1932) believe that ion activity, though being 
inapproachable by ordinary thermodynamical methods, never- 
theless has a physical meaning, and Du Rietz (1938) emphasizes 
the importance of ion activity to the studies of ionic exchange. 

In this connection, it might also be of interest to quote Mar- 
SHALL’s (1944 a) refutation of the objections against the ion activity 
concept: »There is, however, nothing in Guggenheim^s treatment 
which really bears on the question as to whether non-thermodynamic 
evidence may legitiraately be combined with thermodynamic. We 
are surely entitled to do this if by so doing we can advance our total 
knowledge. All we have to bear in mind is that the result will not 
be thermodynamically well defined, but it is not necessarily any 
the worse for that.» 

In a paper published recently, however, Da vis (1946) seems to 
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have left his former position by now applying ionic activities in 
connection with discussions on base exchange equilibria. 

The difficulty in calculations and conclusions encountered in 
the study of exchange reactions in colloids is due to the fact that, 
as a mle, their micellar solution is concentrated. In dilute systems 
it is possible to calculate the activity coefficient according to Debye- 
Huckel-Bjekeum, but this is impossible in more concentrated 
systems. However, there is reason to believe that in such Solutions 
the activity coefficient of an ion decreases with increasing ion 
strcngth and, on the whole, in about the same way as in ^ute 
systems. This is confirmed by measurements and calculations 
carried out by Hass and Jellinek (1932) and Du Eietz (1938). 
At high concentrations, however, the activity coefficients may 
behavc differently so far as they may increase again; these conditions 
will be dealt with more closely in another connection. 

öetting asidc all cases where the conditions might be complicated 
in the way just meritioned, the activity coefficient of an ion will 
always be lower in the micellar solution than in the outside solution 
because the ionic strength is greater in the former than in the latter. 
The ionic strength increases continuously from the outside solution 
towards the surface of the colloid ion; therefore, the activity coeffici¬ 
ents of the ions decrease in the same direction. According to the 
formula of Debye and Huckel the /-value will fall faster for a 
bivalent than for a monovalent ion and more rapidly for a trivalent 
than for a bivalent one. Moreover, the /-value decreases faster for 
a slightly than for a strongly hydrated ion; compare fig. 1. Thus the 
activity coefficients of tlie following ions are reduced in the order; 

Li < Na < K < Mg < Ca < Sr < Ba < La. 

Kesults gained by Marshall (1942) support such a conception. 
When determining the Ca- and K-ion activity in a 4-5 % Putnam 
clay susi)ension. Marshall found that the ratio between the activities 
of Ca and K was 0.15 when the molar ratio was 1.5. Consequently 
the activity of Ca was reduced ten times more than that of K. 

The more dilute the outside solution, the greater is the ratio 
between the activity coefficients in the outside and inside Solutions. 
At high outside concentrations a levelling of the ionic strength and, 
with this, of the activity coefficients takes place. 

The activity coefficient of the adsorbed ions is determined in the 
first place by the ionic strength of the colloid ion in analogy to the 
fact that the /-value of a cation essentially is a funetion of the anion 
strength. When the charge density of the polyvalent colloid ion 
is great, the colloid ion strength becomes high and the value for the 
activity of the adsorbed ions low. 

Since the surface of the colloid ion is not even (metatexturation 
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and innerdispersity), and the charging groups or ions are not always 
regularly distributed on the surface, the charge density may vary 
from one point to the other, so that the micellar solution beeomes 
inhomogeneous. The activity coefficients of a certain ion may, there- 
fore, vary from one point to another which, in its turn, may lead 
to variations in the replacing power. 

The saloids have often been considered as incompletely dissociated 
salts. The strongly replacing ions, as Ca, Ba, Cu, Ag etc., were thought 
to form slightly dissociated compounds while e.g. the Na-saloids 
were strongly dissociated. Certain seientists, Bjerrum (1926 a), 
Pauli and Valkö (1929), Pallmann (1930) believe, however, that, 
in spite of the nature of the colloids as weak acids or bases, their 
salts are completely dissociated exactly as the salts of ordinary 
electrolytes. 

If, in accordance with Bjerrum, one supposes complete ionization 
of the saloids, it is probable that, on accouiit of the high charge of 
the colloid ion, the Bjerrum ion association plays a still greater 
röle for the colloids than for the common electrolytes. These con- 
ditions are reflected by a low activity coefficient and a great 
replacing power for ions showing association tendency. Also Hart- 
LBY (1935) adopts the conception of association by saying: ». . . in 
order to account for experimental results, some kind of association 
between micelles and ions of opposite charge must occur.» 

A quantitativc treatmcnt of the association in colloids has not 
yet been possible but, qualitatively, important conclusions may 
be drawu as to which factors will influence the degree of association. 
These are in the first place the charge density of the colloid ion as 
well as the valence and eleetrodynamic radius of the counter-ions. 
Tncreasing (harge density and valence favour the association, while 
it is (iounteracted by increased radius. As mentioned before, Pauli 
and Valkö (1929) assume that on association a partial dehydration 
of both the colloid ion and the counter-ion takes place at the point of 
contact. This rnay lead to polarization of both ions and an increased 
association as well as to an increase in the replacing power. Con- 
sequently, the hydration counteracts the association while the pola- 
rizing power and the polarizability (the ability of becoming polarized) 
of the colloid- and the counter-ion favour it. Under otherwise equal 
conditions the association tendency for the alkaline ions ought to 
increase in the following order: 

Li < i^a < K < Kb < Cs 
and for the alkaline-earth ions: 

Mg < Ca < Sr < Ba, 

because the hydration decreases and the polarizability increases in 
that direction. 
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The reaction taking place in connection with ion exchange between 
a H-saturated acidoid and a neutral salt, e.g. NaCl, may be described 
in the following way: 

+ + 4- + 

Hi + !Nao?^Ho + 'Nai 

H-ions in the in side solution are exchanged for Na-ions from the 
outside solution; this process goes on un til a dynamic equilibrium 
has been reached. When the law of mass action is applied, the fol¬ 
lowing formula results: 

(H)o-(Na)i_^ 

(H)i • (Na), 

The corresponding reaction for a basoid is written as follows: 

OHi + Clo 5=^ OHo + Cli 


(OH)o:_(ci)i_^ 

(OH)i*(Cl)o 

i signifies the inside solution (micellar solution), o the outside 
solution and () activity. The equilibrium in such a system may 
also be expressed by the so-called Donnan equation whioh shall be 
briefly dealt with. 

The State of ion equilibrium in a colloidal system was formulated 
in 1911 by Donisan for ideal systems (Bolam 1932). In the course 
of his experimental investigations aimed at verifying the equili¬ 
brium law. Donnan showed the necessity to introduce activity 
instead of concentration, since no colloidal electrolytes can be 
considered ideal. A micelle forms a microsystem. The counter-ions 
are solved in the micellar solution but prevented by the electro- 
statical forces from diffusing into the outside solution; by this a 
Donnan distribution arises. 

In words Donnan’s equilibrium may be formulated as follows: 
The product of the ion activity of an electrolyte within a system 
is constant everywhere, lons with higher valence than 1 must be 
inserted as a root expression corresponding to the valence. 

In analogy herewith, the distribution of the ions within the micelle 
and between this and the outside solution may be expressed in the 
following way, when HCl, NaOl and OaOl 2 are chosen as free electro¬ 
lytes: 
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+ - 4 


(H), • (Cl)i (H)„ • (Cl)„ 

(4) 



(Na)j • (01)i - (Na)o • (Cl)„ 

(5) 

K (Ca). • (Cl). -= K(ci„ • (Cl)„ 

(6) 


A clearer and niore ^?eneral expression is obtained by dividing 
(4) by (5) and (5) by (C) and thon combining tbe quotients: 


lY rr; 

y (La). 


(U),,^ (Na)„^ i'^ (ci„ 

^ 1 YY I 'IV ^ f + 

(II)i (Na), r (Oa), y (La), 


(7) 


Whcn a trivalent ion takes part in tlie equilibriuin, it is expressed 
in the forinula by the cube-root of its activity ete. For basoids an 
analogons consideration leads to tlie corresponding forinula: 

(OU)„ ^Cl)„ ^ V (^„ ^ V (Fe(CN y„ 
mu (Öl), K(SÖ,).- I^(FÖCN).).- 


When the ionic equilibriuin in a micelle is expressed by the law 
of mass action as well as by the Donnan equilibrium, it ought to 
be possible to pass from the former in to the latter expression. Com- 
pare the law of mass action with the formulas (7) and (8). Obviously, 
this is only possible, if K =1. By deriving kinetically the law 
of mass action for the ion exchange process, however, it is possible 
to show that K must ha ve the value 1. 

It is often suitable to distinguish in the Donnan equilibrium 
between the ions emanating from the colloid and the free salt in the 
micellar solution; then the following formula is obtained: 

__ V Xca, 

yil + 2 /Na + CNa Vyc^-TzcJ 

where x signifies the activity of the ion in the outside solution, 
y the activity of the same ion beloriging to the free salt in the micellar 
solution and z the activity in the micellar solution of the ion dis- 
sociated from the acidoid. thus, are equal to (H)». An 

analogous expression is valid for basoids. 

Attention, however, must be paid to the faet that only the free 
protolysed H- and OH-ions directly take part in the equilibrium 
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hut not the total protolysable amount. With regard to the weak 
acids, Hantzsch (1923) has advanced the hypothesis that they 
inainly consist of unprotolysable pseudo-acids which by a structural 
transformation may pass into genuine and protolysable acids. 

In contrast, the aciform is dominating in strong acids. In the 
pseudoacids the hydrogen atom is boiind homopolarly, while it is 
bound heteropolarly in the aciform thus becoming protolysable. 
Analogous (»onditions may prevail in acidoids. A low degree of 
protolysation leads to low activity, so that only a low H-ion con- 
centration in the outside solution is required for the maintenance of 
the equilibrium. 

When cations other than Hdons are present, they influence the 
degr(*e of protolysation of the acidoid. They reduce the activity 
of the acidoid ioii and rei)lace some free H-ions causing the proto¬ 
lysation, which is ruled by the law of mass aetion, to continue until 
equilibrium is reached anew. The strength of the acidoid seems to 
increase, as is indicated by the fact that the dissociation constant 
ap])ears to grow. It may be coneluded from what was said before 
that this effecii will be the greater, the stronger the replacing power 
and association tendency of the eation. 

For an ampholytoid both formulas (7) and (8) must be valid at the 
same time. 

When the constant ion product and the variation of the activity 
coefficients of the ions in relation to the ionic strength are known, it 
is i)ossible to draw some important qualitative conclusions as to the 
ion equilibrium in acidoids in which all exchanging groups are 
accessible to the ions; 

1. When an ion passes from the outside solution into the inside 
solution, its activity coefficient is reduced. As mentioned in the pre- 
ceding chapter this reduction may be described by the following 
relative order: 

Li < Na < K < Mg < Ca < Sr < Ba < La. 

It follows from the law of the constant ion product that, if the 
equilibrium shall be maintained, the eoncentration of a certain ion 
in the micellar solution must be the greater in comparison with 
that in the outside solution, the stronger the reduction of its activity 
coefficient. This becomes evident when the eoncentration and the 
/-values of the ions are inserted into the Donnan equilibrium. NaCl 
is chosen as electrolyte. 

(/Na • CNa ’ /ci ’ ^Cl)i = (/xa * CNa * /ci * €c\)o • 

At equal activity in the outside solution, the eoncentration in 
the micellar solution and, by this, the replacing power will therefore 
lie in the order: 
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Li < Ka < K < Mg < Ca < Sr < Ba < La, 

the order being in agreement with the lyotropic series. 

At very high concentrations in the inside solution, deviations from 
this order may occmr on account of the »abnormal» variation of 
the activity coefficients. As long as there are no structural impedi- 
ments of the ion exchange and no specific reactions, as lattice ion ex- 
change etc., occur, the replacing power of an ion is the greater, the 
lower its activity (ioefficient in the inside solution, and the mutual 
order coincides with that given above; this becomes evident when 
the Donnan-equation is written in the following way: 

_ /k„ • OCo 
/Na; • ^-Na^ /k^ • 

2. Homovalent ions, the activity coefficients of whieh vary 
in the same way with the ionic strength, replace just as strongly, 
and their relative concentrations in the outside solution indicate at 
the same time their relative concentrations in the inside solution. 
This holds true even when the micellar solution is not homogeneous. 

3. In paragraphs 1. and 2. the equilibrium conditions of ions 
with equal valence have been treated. If, on t-he other hand, one 
has to do with ions of different valence, not only the activity coeffi¬ 
cients are to be considered but also the relative activities of the 
micellar and outside Solutions. When the outside activity is low 
and the inside activity high, a bivalent ion will have a stronger 
replacing effeet than a monovalent one, because the square root 
relationship is considered and the /-value of the divalent ion in 
the mi(iellar solution is lower. This so-called valence-effeet is the 
more marked, the greater the ratio between the activities of the 
inside and outside Solutions. The latter approaching zero the 
valence-effeet asyrnptotically turns towards a maximum. A near 
equalization of the inside and outside activities, on the other hand, 
leads to the conscquence that the valence-effeet tends to disappear; 
at inereasing outside concentration the monovalent and bivalent 
ions gradually become more and more equal from the point of view 
of replacement. This may best be illustrated by the following 
simple caleulations. The activity of both KCl and CaClg in the 
outside solution is assumed to be in case 1) 0.0001 N., in case 2) 0.01 
K. and in case 3) 0.5 K.; in the inside solution the activity of K is 
assumed to be in case 1) 0.01 K., in case 2) 0.1 K. and in case 3) 
0.6 K. The activity of Ca in the inside solution, the ratio between 
the inside and outside activity, and the ratio (Ca)i: (K)i are calcu- 
lated with the aid of the Bonnan equation: 


(K)o : (K)i = V (Ca). = V (Ca)i 
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1 ) 


2 ) 


3 ) 


0.0001 l^ö.öoöi 
"0^01“^^^’ 


(03j)i — 1 j 


(Ca)i + (K)i 
(Cä)„ + (K)„ 


50.0, = 


1 

0.01 


= 100 . 


0.01 

0.1 


(Oa)i 


V^0.Ö~1 
y (Ca)^ ’ 

, (Ciih±JK)i 
’ (Ca)o -f (K)o 


(Ca)i 
’ (K) 


1 

0.1 


10 . 


0.5_l0.5 
0.6 “1/(Ca)/ 


(Cnh 


0.72; 


(Ca)4 -t (K)^ 
(0a)o + (K)o 


(Ca)^^0.72 
(k)i 0.60 


While the ratio between thc sum of the caleium and potassium 
activities in the inside and in the outside solution has gone down 
from 5020 to 1.32, the ratio between the activities of calcium and 
potassium in the inside solution has decreased from 100 to 1.2. 

Being in eontact with a dilute salt solution containing both mono- 
valent and bivalent cations, a slightly protolysed acidoid (dilute 
micellar solution) favours the entrance of the monovalent ions to 
a higher extent than does a strongly protolysed acidoid (concen- 
trated micellar solution). Oontrarious conditions prevail for the 
bivalent ions. Thus, the relative replaeing power of monovalent 
and bivalent cations becomes dependent on the State of protolysation 
of the acidoid. This was demonstrated by Mattson and Larsson 
( 1946) on electrodialysed bentonite which was treated with Solutions 
containing equivalent quantities of NH 4 CI and CaClg at varying 
acidity. 

4. When dilution takes place, the eoncentration of the outside 
solution decreases much faster than that of the inside solution; 
practically, the increase of the volume of the micellar solution is 
greatly limited. As a result of dilution the ratio between the /-values 
of the bivalent ion in the outside and in the inside solution will 
increase faster than that of the monovalent ions. For this reason 
as well as on account of the fact that the root of the activity of the 
bivalent ion is used, a change in the ion distribution must take 
place in order to restore the equilibrium; this change implies an 

■f-f + . , . 

increase of the ratio [M]t:[M]t. A dilution of the outside solution 
obviously results in an increase of the relative eoncentration in the 
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in Hide solution of ioiis of high valence and a corresponding de(*rease 
of the eoncontration of tlie ions of low valence. When a Donnan 
system is concentrated this leads to a shifting in the opposite direc- 
tion. Conipare the cornputations above. 

5. When ir, i/, and z are inserted into the Donnan equation for a 
uni-uni-valent salt, — y(y -4 z), the following will be easily under- 
stood: The higher the value of z (increasing strength and eoncentra- 
tion of the acidoid groups), the lower will be y in relation to i.e., 
the more irregnlar the distribution of the free electrolyt(*. When 
z-*^ Oj X and y tend to approaeh each other asymptotieally, the ion 
distribution becomes homogeneous. The same situation arises when 
the outside concentration is very high. In thia case, z becomes low 
in relation to x and y which approaeh ea(*h other. 

Similar conclusions as have been presented regarding the ion 
distribution in acidoids may be drawn for basoids. However, there 
are considerably less experimental verifieations of the validity of 
the Donnan equilibrium for basoids than for a(‘idoids. 

It looks as if the Donnan equilibrium eould become an instrument 
of great value for the pedologist. Unfortunately, however, the soil 
colloids ai)parently deviate greatly from ideal systems and the 
quantitative application of the activity concept becomes then ex- 
tremely difficult. Although the importanee of activity has been 
emphasized among others by Teräsvuoei (1930), Moller (3935), 
Mattson and Wiklander (iolO) and most recently Davis (1945), 
no quantitative results in terms of activity have yet been presented. 
As long as it is impossible to determine with sorne degree of certainty, 
the activity eoefficient of the different ions in the micellar solution, 
no reliable quantitative calculations will be possible. Irnportant 
qualitative information may still be gained. Judging from the re¬ 
sults of Samuelson (1944) the Donnan equilibrium may, nevertlie- 
less, in certain cases, be applied without paying eonsideration to the 
activity factors of the ions. This, however, is the case only when 
the micellar solution is dilute and the ions have the same valence. 

In spite of the advantages offered by the Donnan equilibrium, 
its uncritical application may become misleading. There is no 
reason to expect a Donnan distribution of the ions, if the structure 
of the ion exchanger does not permit the free distribution of all the 
ions taking part in the equilibrium. At ion blockade, the diffusion 
of certain ions to and from the inner surfaces is partly checked; 
this must result in deviations from the Donnan equilibrium. 

To work out empirical formulas exclusively airned at covering 
experimental results in the best possible way without explaining 
the nature of the reaction, seems to me to be considerably less 
valuable than to explain the reactions and equilibrium conditions 
with the aid of theoretically founded formulas, even though this 
may only be done qualitatively. The intimate interrelation between 
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tho relative ion composition of the micellar solution and the dilution 
in the presence of heterovalent ions is readily explained by the 
Donnan eqiiation, as already shown. The hypothcsis of »the salt- 
free water layer» which was laid down and defended by Vageler 
(1932) (Alten and Kurmies 1935) and which is strongly contradict- 
ory to the Donnan equilibrium, provides no solution of this relation- 
ship. Furthermore, the hypothesis of the salt-free water layer must 
be considered to be disposed of for good by the work of Du Eietz 
(1938) and Samuelson (1942 b, 1944), the latter having devoted 
much interest to the question. 

The Donnan equilibrium has long been an object of attention from 
the side of certain pedologists, but only a few years ago its possibili- 
ties for elucidating the exchange reaetions have begun to be utilized. 
Already in 1921, O. Arrhenius (1922) suggested that it might be 
possible to interpret the results of his investigations on the ampho- 
teric reaetions of clays with the aid of the Donnan equilibrium in 
the same way as Loeb (1921, 1922) had done for gelatine. It was 
mentioned by Tibmore and Parker (1924) that the Donnan equi¬ 
librium niay be applied to aeidoids in order to explain the deerease, 
from the surfac^e outward, of the H-ion coneentration in an acidoid 
particle. Later, the law has been used by Teräsvuori (1930) in 
connection with studies on the acidity in soils, by Du Kietz (1938) 
in ion exchange investigations, by Samuelson (1944), Wiklander 
(1945) and abo ve all by Mattson and collaborators who, in a number 
of Works (1929, 1940, 1942, 1946), has utilized Donnan’s law of the 
unequal ion distribution in order to clear up several colloid reaetions 
and thus to explain important soil processes. 


III. The Relative pH-Reducing 
Pover of the Alkali and Alkaline-Earth lons in 
Electrodialysed Materials. 


1. introduetion. 

If various neutral salts with a common anion are added to a 
slightly protolysed H- and OH-saturated ampholytoid, an ion ex¬ 
change takes place. The cations of the salt replace H and the anions 
of the salt replace OH. If the activity of the basoid part is lower 
than that of the acidoid part, the OH-replacement may be assumed 
to be approximatively equal for the various salts at corresponding 
concentrations. On the presumption that no side reaetions oocur. 
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which influence the acidity formed by the exchan^e, the decreaso 
in pH becomes also an expression for the relative replacing power 
of the cations; the greater the exchange acidity, the greater the re¬ 
placing power of the cations. This relation is true to a greater extent, 
the weaker the basoid properties and the more the ampholytoid 
approaches an »ideal» acidoid (»Ideal» defined in the following chapter). 
Even if the e^changer contains Al^^ and IV ^ as a more or less 
substantial part of the exchangeable cations in addition to H, the 
approximative relationship between pH-decrease and relative re¬ 
placing power holds true. 

As shown by Kappen (1916), Paver and Marshall (1934), 
Alten and Kurmies (1935), Mukherjee and Chatter,tee (1945) 
and others, base-unsaturated clays liberate Al when treated with 
neutral salts. The authors assert that the Al set free from the clay 
exists as exchangeable and is not secondarily dissolved from 
the clay by the primarily replaced H-ions. Having studied these con- 
ditions in bentonite and Putnam clay Paver and Marshall main- 
tain that unsaturated clays are to be regarded as H-Al-clays 
rather than as H-clays. According to Eoemer and Schefper (1944) 
and Mukherjee et al. Fe functions similar to Al. The hydrated Al 
and Fe ions replaced by the neutral salt rea(;t as free acids. On 
account of the fact that the A 1 (H 20 ) 6 ^^ and Fe(H 20 ) 8 ^ are rather 
weak acids, the exchange acidity becomes somewhat lower, and 
with this the pH higher, than if the exchangeable ions consisted of 
H only. The order of the relative replacing power of the cations as 
indicated by the i)H is, however, not changed by this. Whether this 
relation between the pH-decrease and the relative replacing power 
holds true also in synthetic, inorganic exchangers is dependent on 
the extent to which possiblc side rea(*4ions, influencing the pU and 
specific for the various cations, take place. 

Since it is of interest for the following treatment of the pH- 
decreasing power of neutral salts, some results of research in this 
sphere will be discussed briefly. 

O. Arrhenius (1925) studied the effect of a number of neutral 
salts on the pH-value in soil suspensions. The soils investigated were 
a sandy soil, an acid and an alkabne clay, and a sphagnum peat soil. 
The added cations reduced the pH-value in the following order: 
Na < K < NH 4 < Mg < Ca. 

Teräsvuori (1930) has devoted extensive studies to the acidity 
problem of the soil. He worked with both H-saturated soils (washed 
with 0.05 N. HCl) and soils that were more or less base saturated. 
Teräsvuori found that, irrespective of the type of cations originally 
held by the soil, the cations studied reduced the pH-value of the sus¬ 
pension in the following order: Na < K < Mg < Oa. 

It is often maintained that bivalent ions generally have a more 
intense pH-reducing and ion-replacing effect than monovalent ones, 
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no attention however being paid to the question to what an extent 
the nature of the ion exchanging material or the concentration of 
tlie added salts might influence the result. Thus, Millae and Turk 
(1943), in their book »Fundamentals of Soil Science», assert that a 
listing of the more common cations in increasing order of replacing 
power is as follows: Li < Na < NH 4 < K < Kb < Mg < Ca < Ba < 
< Sr < H. 

In his well known textbook, Eobinson (1937) maintains that the 
order of »absorption» of the principal cations by the colloidal complex 
is Na < K < Mg < Ca < H. The same order for the replacing power 
is also to be fouiid in the book of Lyon and Buckman (1943). More- 
over, Eobinson, quoting Jenny (1927), gives the values for the 
exchange constants of the following ions against calcium permutite: 

H Li Na K Eb Cs 
58.117 3.500 6.066 8.896 11.550 13.112 

The corr<‘spondent constants for bivalent ions were: 

Mg Ca Sr Ba 

29.801 48.128 49.882 69.137 

Unfortunately, Eobinson does not consider the fact that the 
exchange constants of the bivalent ions have been obtained by 
exchange wdth NH 4 -permutite and those of the monovalent ions 
with Ca-permutite. The exchange constants of the monovalent and 
bivalent ions are therefore not comparable. Eobinson^s state- 
rnent that »the figures give a measure of the energy of replacement 
of the different ions» leads to an erroneous view regarding the rela- 
tive replacing power of these ions in permutite. 

As a matter of fact, Jenny (1927) proved that, when the mono¬ 
valent and bivalent ions were compared with each other by exchange 
against NH 4 -permutite, the order changed with the concentration. 
At low concentrations all the bivalent ions were better adsorbed than 
monovalent ions. However, when the concentration increased the 
order was partly reversed. 

Jenny found that when water and different 0.02 N. chlorides 
were added to H-saturated permutite, the pH-values were reduced 
in the following order: 

H 2 O Li < Na < Mg < Ca < K == Ba < NH 4 < Eb < Cs 
pH 4.70 4.48 4.46 4.36 4.30 4.25 4.25 4.22 4.20 4.10 

With regard to the relative pH-reducing effect and the replacing 
power of the alkali and alkaline-earth ions it may be stated that so 
far no general systematic investigation has been made on these. 
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Considering the different nature of tlie ion exchangers, e.g. organic 
or inorganic, amorphous or crystalline structure, different lattice 
type, inner and outor surfaces etc., as well as the complicated act- 
ivity conditions for colloid ions and electrolytes, it may be expected 
a priori that the relative pH-decreasing effect and replacing power 
of the ions will by no ineans always be the same, as already indicated 
by the results with permutite. In the present investigation I have 
tried to throw light on these questions by examining several electro- 
dialysed or »isoelectrically» preeipitated substances of different 
charaeter and origin with regard to the pH-reducing power of the 
cations mentioned below. Throughout, ehlorides of Li, Na, K, Mg, 
Ca, Sr, and Ba have been used as neutral salts, as a rule in the con- 
centrations 0.001, 0.01, 0.1, and 1 N. For comparison with the mono- 
valent and bivalent ions, the trivalent La has been included. Surely, 
the La-salts are somewhat hydrolysed, but not to such an extent 
that LaClg could not be considered as a neutral salt at the range of 
pH covered in the experiments. 


2. Theoretical Points of View. 

An »ideal» acidoid is supposed in the following considerations. 
An acidoid is here considered to be »ideal» if its ion exchanging groups 
are uniformly distributed on the surface, possess the same dis- 
sociation constant, and are easily accessible to all cations added. 
Moreover, the supposition is made that no lattice ion exchange and 
no specific reactions can take place. 

When a neutral salt is added to such an acidoid, ionic exchange 
occurs causing the H-ions to migrate in to the outside solution. The 
extent of the pH-reduction caused hereby depends on the strength 
and the concentration of the acidoid as well as on the concentration 
and replacing power of the cation added. For a given acidoid and a 
certain salt concentration the activity coefficient (/) of the cation 
of the salt and that of the H-ion will consequently deterrnine the 
size of the exchange acidity. If one imagines an infinitely dilute 
outside solution, the activity coefficient of all the ions to be found 
there will be 1. When a cation passes from the outside into the inside 
solution it meets a more and more increasing ionic strength which 
reaches its maximum on the surface of the colloid ion. The decrease 
of the activity coefficient of the cation resulting from this passage 
is different for the various ions and progresses, for reasons dis- 
cussed in part II: 9, in the following order for the ions concerned here: 

Li < Na < K < Mg < Ca < Sr < Ba < La. 

The added salt replaces some of the H-ions and increases the ionic 
strength of the micellar solution, whereby the activity of the acidoid 
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ion and the H-ions in the micellar solution is temporarily reduced. 
In order to restore the equilibrium a further protolysation of the 
acidoid takes place. The latter appears to become stronger. Since 
the activity coefficient may be considered a measure of the interionic 
forces — these are the greater, the lower the activity coefficient — an 
ion with a lower /-value will cause a niore intense protolysation of 
the acidoid than an ion with a higher /-value and thus bring about 
a stronger H-replacement. 

It appears from what was said above that t\e B-ion exchange^ 
the increased protolysation of the acidoid, and the pH-reduetion 
in the outside solution increase in the above-named order which 
(joincides with the lyotropic series. 

. Similar conclusions may be reached by directly applying the Don¬ 
nan equilibrium to the exchange reactions in the way described 
before; by this the influence of the valency of the cation on the H- 
replacement becomes clear. 

It is due to several reasons that one has to expect greater or 
smaller deviations of the ionic exchange in real acidoids from that 
in the »ideal» acidoid outlined here. Deviations may be explained 
by: 

1 . the structure. The influence of the stnicture may become mani¬ 
fest in such a way that the diffusion of the ions to and from the ion 
exchanging surfaces is rnore or less obstructed or made entirely 
impossible with regard to a certain part of the surface, ion blockade; 

2 . more or less extensive fixation of the added cations in the crystal 
lattice of the exchanger; 

3. an »abnormal» variation of the activity coefficients of the ex¬ 
changing ions; this phenomenon largely depends on the concentra- 
tion of the salt; 

4. side reactions. The conditions in some ion exchangers often 
indicate the influence of reactions of unknown nature which may 
be characterized as something specific in the behaviour of an ion 
towards a certain ion exchanger, 

A priori, it may be expected that among the exchangers examined 
here the humus material will be the one to come nearest to the 
ideal acidoid in regard to the ion exchange properties. All ion ex¬ 
changing groups are likely to be easily accessible to added cations 
and there will be scarcely any lattice reactions. Even kaolinite 
with its outer-surface ion exchange and montmoriUonite with its 
open lattice-structure may be expected not do differ to any greater 
extent from the ideal acidoid regarding the conditions concerned 
here. Permutites, on the other hand, ought to show considerable 
divergences on account of their heterodispersed and undefined 
structure. 
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3. Materials Invesiigated. 

Here follows a short description of the excliangers studied in this 
part. In order to give a general character to the investigation on the 
relative pH-reducing effect of the cations several exchangers of 
various nature and origin, both inorganic and organic as well as 
synthetic and natural ones, have been included. 

The ion exchanging material which was not »isoelectricaUy» 
precipitated was freed from cations and anions by electrodialysis in 
a Mattson cell (1926). The voltage was regulated in such a way 
that no considerable heating of the cells took place. Thus the 
changes in the composition and strueture of the ion exchanging 
materials may be supposed to be the least possible. The progress 
of the electrodialysis was supervised partly by control of the current 
and partly by titration of the cathode-water with phenolphthalein 
(PP) as indicator. The layer nearest to the cathode-membrane was 
thrown away, the rest was dried at 30—-35° C, cautiously pulverized 
in the agate-mortar and thoroughly mixed. All silicates and phos- 
phates were subjected to Chemical analysis. For this the silicates 
were dissolved in HCl, whereafter Al, Fe and 8 i were determined as 
oxides (Hillebeand and Lundell 1929). In the phosphates P was 
determined colourimetrically (Scheel 1936); Fe was reduced with 
cadmium according to Teeadwell (Egnér 1929) and titrated with 
KMn04; Al was precipitated as AIPO4 according to Hillebeand 
and Lundell. The composition is calculated on the air-dried sample. 

1. Humus F 2 from the raw humus layer of the Häggbygget podzol 
profile, to a depth of 2—5 cm, described by Mattson and Gustafs¬ 
son (1935). Sticks and roots being sifted away the humus was 
electrodialysed. Pulverization was not necessary on account of 
the high degree of humification. In the electrodialysis the highly 
dispersed humus acids were removed; for this reason, the material 
used in the investigation mainly consisted of real acidoids. The 
loss on ignition amounted to 94 %, so that the acidoids practically 
were of a completely organic character. 

2 . Litter of leaves (= F^) from newly fallen birch leaves, ground and 
electrodialysed. 

3. Aluminium phosphate. The phosphate was produced by »iso- 
electric» precipitation in the following way: 500 mmol AIOI 3 , dissolved 
in 20 1 of distilled water, were poured down under stirring into a 
solution of 500 mmol (NH 4 ) 2 HP 04 + 580 mmol NH4OH in 20 1 of 
distilled water. The pH-value in the clear solution was 5.07. After 
being decanted and washed until all chloride was removed the 
phosphate was filtered, dried at 30—35° C and pulverized. Compo¬ 
sition; AI 2 O 3 • (P 205 )wo • (H 20 ) 4 .«. 
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4: Ferriphoaphate. The phosphate was of tlie quality DAP.V; 
it was electrodialysed, dried and pulverized in the way nientioned. 
Composition: • (P 20 fi)o ..7 • (H 20 ) 4 .». 

J. Aluminium silicate I. The anionic component for the prepara- 
tion was metasilicate, whieh by analysis was found to have the com- 
position NagSiOa • 9 HgO. 284 g of sodium silicate were dissolved 
in 5 1 of distilled water and quickly mixed under stirring wdth an 
equivalent amount of AIOI 3 dissolved in 15 1 of distilled water. By 
adding an appropriate amount of NaOH to the ^4a-silicate solutiori 
the preeipitate was formed at pH 4.40. Af ter repeated deeantation* 
until practieally all chloride was removed, and subsequent filtration 
the colloid was dried and ground in the agate mörtar. In spite of 
thorough washing the Al-silieate was found to obtain small amounts 
of Na. Part of the Na was set free on drying — the colloid liereby 
looses part of its activity — and was thereforo removed by a short 
electrodialysis. Composition: AlgOa • ( 8 i 02 ) 2.73 • (HgO)!).!. 

6 \ Aluminium Micate II, The eommereial silicate was eleetro- 
dialysed. dried and pulverized. Composition: AlgO^* (Si 02 ) 3 .«* (HgOji.M. 

7. Aluminium silicate III, The silicate was precipitated at 
pH 4.41 in the same way as the aluminium silicate T. The preeipitate 
was w a shed by decantation until all chloride was removed. In order 
to study the effeet of drying of a silicate gel on its ion exehange 
])roperties, the silicate was not filtered and dried before using. 
Composition: AI 2 O 3 • (Si 02 ) 2 .aa * n HgO. The aluminium silicates I and 
Ill possess rather similar composition. As far as there is any greater 
difference wdth regard to certain properties, it must be ascribed to 
the fa(d that the latter has alw^ays been kept under water while the 
former has been subjeeted to the drying proc^edure. 

S, Ferrisilicate, The eommereial silicate was electrodialysed, 
dried and ground. Composition: FcaOg • (SiOg)?.,! • (n 20 ) 4 .) 7 . 

9, Na-permutite, The permutite was rather eoarse and was 
therefore ground; it was sifted through a 0.2 mm sieve and sub- 
sequently cdeetrodialysed and pulverized anew. It appeared ne- 
cessary to stir up the permutite repeatedly during the electrodialysis 
as was described before. Composition: AlgOg * (Si02)o.87 • (H 20 ) 6 . 6 i. 

10, Bentonite from the firm of J. D. Riedel — E. de Haen A.-G., 
Berlin. The bentonite whieh was very finely ground was electro¬ 
dialysed and pulverized. Bentonite whieh is a natural produet con- 
sists mainly of the mineral montmorillonite. 

11, Kaolinite. The kaolinite, whieh had been washed in acid and 
finely ground, was electrodialysed and pulverized. 

12, Two bleaching earths for bleaching of oil. 

a. German bleaching earth 1 , activated with sulphuric acid. 

b. German bleaching earth 2 , activated with hydrochloric acid. 

Both samples were electrodialysed. Their mechanical composi¬ 
tion is shown in table 3. 

4 — 46590 Lanthrukéhögskolana Annaler. Vol. 14 
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13, Four miner al’soils, 

a. Surface soil from Sperlinjysholm, Hallands län. 

b. Surfaoe soil from Fristorp, Älvsbor^fs län. 

c. Surface soil from Kung:sängen, Uppsala län. 

d. Subsoil, Aneylus clay from Ärna, Upj)8ala län. 

All soils were electrodialysed. The mecdianical composition and 
the contents of or^anic matter are shown in table 3. 


Table 3. Mechanieal eomposition of the soils used in “o of dry matter. 


Soil 

1 

C^oarse 

sand 

2-0.2 

mm 

Fmo 

sand 

0.2-0.02 

mm 

Silt 

0.02- 

0.002 

mm 

Clay 
< <».(102 

mm 

1 

Org. ; 
matter ' 

Total ' 

1 

German bleaohing earth l 

1 

’ 14.9 

44.4 

41.5 

(».0 

101.3 j 

German bleaching oarth 2 

! 0.8 

; 35.6 1 

58.7 

5.6 ! 

0.0 

100.7 i 

Soil from Sperlingaholm 

1.3 

54.1 ^ 

' 17.7 

21.5 ! 

4.8 

99.4 ' 

» » Fnstorp 

8.4 

1 32.5 i 

i 27.7 

2(5.2 , 

4.3 

99.1 

» » Kungsängen 

2.3 1 

i 8.4 

! 40.2 

44.5 

5.2 

100.6 ! 

1 Aneylus elay from Ärna 

0.6 i 

2 2 

10.4 

85.6 j 

0.0 

98.8 1 


The mechanical analysis was (iarried oiit ac^cording to the pipette 
niethod of Eobinson (Eobinbojv and Ktciiardson 1933) and the 
contents of organic matter were, accordin^f to Ekström (1927), 
considered equal to the reduced loss on i^rnition. 


4. Experimental Methocls. 


All pH-detenninations have been done potentiometrically either 
by quinhydrone or by ^lass electrode. For measurenients with the 
aid of the former, a quinhydrone electrode with Veibel standard 
(0.01 N. IICl f 0.09 N. KOI, pH = 2.04) as solution was used as 
comparing electrode (Biilmann 1927). The pH-values were cal- 
culated according to the formula for concentration-elements (Clark 
1928) which in the present case and at a temperature of 20"’ C may 
be simplified as to read: 


pH 2.04 


mV 

^ 58. i ’ 


where mV denotes millivolts. 

It is well known that the applicability of the quinhydrone electrode 
is limited. At not too high pH-values (approximatively < 8) oxid- 
izing and reducing substances form the greatest sourees of errors. 
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In those cases when the quinhydrone electrode proved to be use¬ 
less or when it had not been fully reliable, Beckmann^s glass electrode 
potentiometer with saturated calomel electrode as comparing elec¬ 
trode was used. 

Besides the above-named incorrectnesses, the quinhydrone 
electrode is even subjected to »salt errors» which, according to Ho- 
VORKA and Dearing (1935) increase almost proportionally with the 
concentration of the disturbing substance. »Salt errors» are due 
to the fact that the activity coefficients of the quinone- and hydro- 
quinone-(*.ornponent8 do not vary in the same degree when the salt 
concentration changes (Biilmann 1927). As shown by Hovorka 
and Dearijsg (1935) for a great number of chlorides and sulphates, 
the different cations have but low specific effe(‘t and only the anions 
have therefore to be considered. However, no correction of the 
values obtained lias been introduced, since the »salt error»^ is minute, 
the anion was everywhere the same, and the pH-determinations in 
this section are intended in the first place to yield such values as 
may be reciprocally compared at every <?oncentration. 

The diffusion potential was kept as low as possible by using an 
agar-bridge with saturated potassium chloride. During the measure- 
nients the bridge was repeatedly exehanged and at every such ex- 
change, as well as in between, the apparatus was controlled with 
buff(*r Solutions of known pH-value. 

The suspension effect has been kept constant by agitating with 
a rotating glass propeller. The term suspension effect is used to 
describe those (*ases when the pH in the suspension and in the 
suspension medium becomes more or less different on account of 
the inhomogeneous ion distribution at the boundary between the 
solid (suspended) particles and the surrounding solution, Wiegner 
and Pallmajsn (1929), Du Eietz (1934). 

In those series where the quinhydrone electrode could not be 
used and the sedimentation effect made a direct determination with 
the glass electrode uncertain, the suspensions were centrifuged, after 
which the pH-value was mea-sured in the ordinary w^^ay in the clear 
solution with the aid of Beckmann^s glass electrode potentiometer. 
The application of the glass electrode as used in the Beckmann 
apparatus implies sensibility for the suspension effect because 
agitation is impossible. Also Bailey (1943) has made similar ob¬ 
servations with the glass electrode. If the suspension is poor in salt 
and the inside concentration (z) is high, as well as when the suspen- 
soid sedimentates quickly, it often happens that no constant values 
are obtained but that the potential shows a more or less rapid change. 
At higher salt eontents, however, the result becomes better because 

^ According to Hovobka and Dkabin<j (1935) the error amounts in a 1 N. 
solution (this is the highest concentration used here) to —0.040 pH-units for 
Cr and to *f 0.024 pH-units for SOJ"- 
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tlie salt reduees the Donnan potential. When determination takes 
plaee in the clear centrifu^ate, no disturbances occur and well re- 
produeable pH-values are obtained. When the measurements were 
taken, the electrodes were washed with the solution; several paral- 
lels were taken and the apparatus was controlled with buffer Solutions 
the pH-values of which lay within the measurin^ range. 

The glass electrode, too, is subjected to »salt errors» but these, 
aecording to Dole (1931, 1941) and Dl Kietz (1937), generally 
seeni to be eonfined to the alkali cations and to pH-values above 9. 
The Na-ion, in partieular, may c*aii8e eonsiderable errors at high 
eoncentration and high pH-values. However, the pH-determinations 
made in this investigations all fall within the error-free range of the 
electrode. 

In all pH-series for a certain material the raiio between substance 
and solution was oonstant, as a rule 1:10. For the soils a 1:2 ratio 
was used sinee these soils have a considerably lower exchange capa- 
city than most of the other ion exchanging materials. After solids 
and solution had been mixed, shaking took plat^e in a rotating shaking 
machine aecording to Wagner for three hours on the first day and 
another two hours on the following day. The total time of reaction 
between substrate and solution amounted to about 24 hours. All 
the time the ternperature was kept at 20 “^0.5'' the work being 
done in a room with constant ternperature. All the series whicli 
wx^re to be compared were prepared and shaken at. the same time. 
Even the i)H-determinations were made at the same time and in 
the same way. In order to obtain the most reliable results, the pH- 
values for a certain salt. eoncentration were always determined in 
the sequence: Li, Na, K, Mg, Ca, Sr, Ba, and La. The beginning was 
made with the »water-value», and then followed the eoncentrations 
0.001, 0.01, 0.1 and 1.0 N. By this procedure it was possible to keep 
down the experimental errors and to arrive at a considerably higher 
degree of exactness than otherwise would be the case, particularly 
because the relative pH-reducing effect. of the cations was of greater 
interest than the absolute effect. By repeated measurements it 
could be established that the error as to the difference between the 
pH-values of two cations ranged within the limits pHj»/, — pH^.. ~ 
= ± 0 . 02 . 

5. Time Necessary for the Accomplishment of the Equilibrium. 

It has been shown by Wiegner and collaborators (Ceenesci^ 
1933, Wiegner 1936) and raost recently by Damsgaard-Sgrensen 
(1941) that ionic exchange is a reaction requiring much time in 
some ion exchangers. Cernescu has shown that the reaction velocity 
is strongly influenced by the structure of the colloid particles. In 
materials which do not swell up in water and w^hich possess plenty 
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of inner surfaces, the diffusion ways of the ions become long, so 
that more time is required for aecomplishing the equilibrium than 
for particles with exclusively outer surfaces and short diffusion 
ways. To the former type belongs chabasite, to the latter kaolinite. 
Permutite takes an intermediate position. 

If ion exchange is in faet a reaction requiring time, the pH-value 
measured may be expected to be a function of the time of reaction 
between the substance and the salt solution. For an acidoid the 
])H will fall quickly in the beginning and subsequently approach 
more and more slowly a certain final value. If the substance has a 
sponge-like structure, ions with a low diffusion velocity may be 
expe(*ted a priori to give rise to flatter eurves than ions with high 
velocity, provided that no ion blockade occurs. The time required 
should be longer for ion exchanging material possessing inner sur¬ 
faces than for substances with only outer surfaces. 

The conditions have been studied by the following experiments 
with H-saturated permutite and humun F^, Two cations with ex- 
tremely low (potassium) and extremely high (magnesium) volume 
of the hydrated ion were chosen; compare the hydration figures in 
table 2, part 11. Thus any possible effect of the volume of the ions 
on the reaction velocity may be expected to become evident most 
(‘asily. In contrast to permutite with its apongelike structure, the 
humus w^as considered to be chiefly built in such a w^ay that the 
ionogen groups were directly accessible to the salt added. There- 
fore, no diffusion process requiring more or less time ought to precede 
the ion exchange which consequently might be expected to occur 
very rapidly. 

1.00 g portions were weighed into ordinary pH-tubes whereafter 
5 ml of distilled water were added to each tube. The period of 
reaction between water and ion exchanger thus became equal for 
all samples. 5 rnl of 0.2 N. salt solution were added to the different 
tubes at 24, 2, 1/2, and 1/60 hours previous to the pH measurements 
which all were made at the same time. The time of shaking was 24 
hours and the only difference between the samples were therefore 
the variations of the time of reaction between the salt and the ion 
exchanger. The results obtained are shown in table 4. 

It appears that the differences of the pH-values at different tinies 
are minute. Permutite yields identical values everywhere with KCl. 
With MgClg the pH has become somewhat lower after 24 hours. 
In contrast to the expectations, the pH of humus seems to depend 
to a certain extent on the time of reaction with both KCl and MgClg. 
In conformity with the considerations made earlier there is some 
indication that the duration of the time of reaction is of inferior 
irnportance for the K-ion than for the Mg-ion. Yet the differences 
are so small as to fall within the limits of the experimental error. 
From the experiment the conclusion may be drawn that, under the 
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Table 4. Effect of variations in the lime of reavtion hetween neutral 
salts and H-saturated ion ejrehangers on the pH-value measured in the 
suspension, pH in u ater for permutite vas 4,74 and for humus 2,90, 
Quinhydrone electrode. 


Hours hetween addition of salt 
and pH -detcrmination 

Permutite in 

Humus Fj in 

KCl 

0.1 N. 

i MfrC4 

j 0.1 N. 

K(^I 

0.1 N. 

MgClj 
0.1 N. 

i/m 1 

3.77 

4.01 

2.41 

2.41 

1/2 

3.77 

4.01 , 

— ; 

— 

2 

1 3.77 

1 4.01 

2.41 

2.37 

24 

3.77 

i 3.00 1 

2.37 

2.3(5 


conditions of the test, it does not matter, if pU is determined im- 
niediately after the salt is added or one day later, irrespeetive if a 
substanoe of a sx)onge“like structure, x)ermutite, is eone.erned or an 
organic material. Naturally, the material must be well moistened 
at the tillie when the salt is added. However, for all the j)!! deter- 
minations made in this part of the work the time of rea(*tion has been 
extended to 24 hours. 

Also Gedroiz (1931) and Naciiod and Wood (1944), while study- 
ing the reaetion veloeity of ion exchange, have found that the equi- 
libriurn is quiekly reached. 

6. Experimental Results. 

A. pH in neutral salt Solutions, 

The results of the pH-determinations are, as a rule, x^resented 
only graphieally. In order not to overburden the eontext unneees- 
sarily, all tables which are not indispensable for understanding the 
experimental results and the eontext as a whole have been oniitted. 

Humus 

pH-series with LiOl, NaCl, KOI, MgOlg, CaClg, SrClg, BaClg, and 
LaClj were prepared as described above. 1.50 g substance in 10 ml 
solution. The quinhydrone electrode was used for the x)H deterniina- 
tion. The results are shown in figure 5. It must be mentioned here 
that on the abscissa the negative logarithms of the added salt are 
recorded and not the equilibrium concentration. On aceount of the 
ion exchange taking place, the difference may, at high dilution, 
become considerable as far as the absolute and relative position 
of the curves is concerned but, still, the order will not be changed. 
The somewhat s-shaped course may, to a certain extent, be caused 
by the fact that the points for 0.001 K. are, for the aforementioned 
reason, situated too far to the right. x denotes no addition of salt. 









Studies on lonic Exchange 


55 



Salt Conc. N. loiog Salt Conc. N. 


Kig. 5. pH of electrodialyftod huinua 
in chloride Solutions of Li, Na, 
K, Mg, Ca, Sr, Ha, and La at varying 
concentrations. 1.5 g substanee in 
lO.o ml Bolution. 


Fig. ti. Litter of birch leaves. pH in 
the samo concentration series as in 
fig. 5, Na and Sr excepted. 1.0 g 
substance in 10. o ml solution. 


The following appears from figure 5: 

1. In all concentrations pH is reduced less by monovalent than 
by bivalent cations and less by bivalent than by trivalent ones. At 
concentrations up to 0.1 N. the order is in complete agreement with 
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the lyotropic series and with the conditions prevailing in an ideal 
atddoid: Li < N a < K < Mg < Ca < Sr < Ba < La. Consequently, hu¬ 
mus beliaves here as an ideal acidoid in whieh an ion may be 
expected to be bound the better, the lower its activity coeffieient 
in the inside solution. 

2 . The eurves of the alkali ions show a stränge course. At the 
three lowest concentrations the order, as expeeted, is: Li<Na<K, 
at the highest concentration, on the other hand, it is reversed: 
Li>Na>K. Therefore, if the pH of the humus had been determined 
first in 0.01 N. NaCl and KOI and thereafter in 1.0 N. Solutions, 
the pH would have been higher in the first case in NaCl than in 
KCl but lower in the second case. At first sight, this result seems to 
be paradoxical but, at doser examination, it is ne vert heless possible 
to explain the phenomenon. The whole effect may be interpreted 
as being caused by hydration of the eations and an ensuing rapid 
change of the activity coefficients. 

As mentioned before, the activity coeffieient may at high con¬ 
centrations pass through a minimum and, subsequently, rise to 
values whieh sometimes may lie considerably above 1. This is 
eonsidered to be due to the faet that, by becoming hydrated, the 
ions oceupy the solvent, so that the concentration appears to be 
higher than <*>alculated (Getman and Daniels 1937). In high 
(ioncentrations the variations may be considerable. The effect is 
more marked for strongly than for slightly hydrated ions and be- 
comes manifest in the experimentally determined /+-values. Th(‘ 
more hydrophile a salt is, the lower is the concentration at which its 
fmin. value appears. The same seems to apply to ions. These con¬ 
ditions are illustrated by figures 2 and 3. Compare also Lewis and 
Randall (1923). 

It appears from figure 2 that /f min. lies at about 0.6 N. for LiCl, 
1.2 !N. for KaCl, and 2.4 !N. for KCl. It will be seen in figure 3 that 
the activity coeffieient of Li forms a rninirnum-curve and that those 
of Na and K have the same tendency. The very great difference 
between the /-values of the eations appearing already in the 1 N. 
solution is remarkable. Analogous conditions prevail for Mg, Ca, 
Sr and Ba but fmin. lies at considerably lower values than for tlie alkali 
ions. 

By an interpretation of the eurves in figure 3 it is possible to give 
a plausible explanation of the reversal of the Li-, Na- and K-curves 
in the experiment. The humus acidoid is a rather strong acidoid 
— compare point 4 below — for which reason it is likely to possess 
a micellar solution with high ionic strength already in pure water. 
Thus, when the salt concentration inereases, the ionic strength of 
the outside solution grows much faster than that of the inside solu¬ 
tion. The changes of the /-values in the inside solution are eon- 
sequently inconsiderable compared with those in the outside solution. 
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On account of the fact that in the outside solution at concentrations 
above 0.15 — 0.2 N. the difference /li — /Na grows quickly and mucli 
faster than the difference /xa— /k, the activity in the outside solution 
and, with this, the relative increase of the replacing power grow 
rapidly in the order: K<Na<Li. A very important .additional 
factor is the rapid increase in the order K < Na < Li of /h in the out¬ 
side solution at concentrations above 0.15 N.; this leads to an increase 
of the activity of the replaced H-ions in the same sequence. The 
conditions of the alkali cations and the H-ions apparently work 
together in causing the intensity of the exchange acidity to change 
from the order Li < Na < K to K < Na < Li within the range of 0. l 
to 1.0 N. solution. This anomaly may have been accentuated a littlc 
by the fact that the water adsorbed by the humus contains less of 
the free electrolytes (i.e. y < x), thus inereasing the concentration 
of the outside solution. 

The same tendency may, after aU, be traced in the bivalent group 
though the phenomenon, there, is considerably less pronounced. 

3. The Ca- and Sr-curves lie very elosely together. Compare the 
results from Al-phosphate, page 59. 

4. From the steep course of the pll-curves in fig. 5 — here it 
should be observed that the curves on the whole enver a low part on 
the pH-scale — it may be coneluded that the humus acidoid is 
rather strong. The low pH-value in water is presumably caused by 
a high suspension effeet, indicating a high inside concentration (sth)* 
and by the fact that some acids have been solved out. 

Litter of bireh-leaves, 

On account of the limited amount of material available the ex¬ 
periments with NaCl and SrClg were exeluded here as well as the 
0.001 N. Solutions. The suspensions were all made 1:10 and the 
quinhydrone electrode was used. The results appeared to be in com- 
plete agreement with those obtained with humus Fg. Figure 6 . 

It is interesting to note that the litter behaves like humus from a 
podzol profile in spite of the great differences in the parent material 
and the degree of transformation. 

SCHACHTSCHABEL (1940) found a considerable »selective» ad- 
sorption in the humus substances »Huminsäure Merck» and »Kasseler 
Braun» as well as in organic soil colloids. .lifter leaching with neutral 
Ca-NH 4 -acetate solution (Ca ~ NH 4 = 0.06 N.) about 92 % Ca 
but only 8 % NH 4 were adsorbed. From his other results Schacht- 
SCHABEL gained the conviction that from the point of view of colloid 
ehemistry the NH 4 - and K-ions could be considered equal, so that 
even Ca and K would have caused a similar selective sorption. 
ScHAOHTSCHABEL explained the strong adsorption of Ca as being a 
purely Chemical phenomenon depending on the low solubility of 
the Ca-humate as compared with that of the NH 4 -humate. 
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My experiments, on the eontrary, showed no »scdeetive» adsorption 
by the organic materials investigated. It may be imagined that 
eombinations diffieult to dissolvc may arise at pH-values about 
the neutral point but not at pH-values prevailing in the mi(‘ellar 
solufion in the unneutralized humus material. However, it seeins 
most reasonable to explain the »seleetive» adsorption as a mani¬ 
festation of the dilution effect in the Donnan equilibrium. If Schacht- 
sciiABEL had leached with a more eoncentrated solution, then the 
ratio between adsorbed Oa and NH 4 would probably have deereased. 
Oompare part TI: 10 and YII. 

Aluminium phosphate. 

Similar pll-series as for hnmus have been execmted with the 
synthetie phosphate. The results are presented in figure 7. 

The following results may be f?athered from the fi^jure: 

3. Within tlie alkaline ion ^oup the replaeinjr power lies in the 
order Li<Na<K o ver the whole eoneentration ran^e. 

2 . The alkaline-earth ions mutually behave in the same way: 

0a< Sr < Ba. The differenee between Mg and Ca is rather 

great, 0.30 pH-units in 1 N. solution. On the other hand, Oa and Sr 
are lying very closely together as is also the ease in other materials. 
The distanee between Sr and Ba is great, 0.42 pH-units. 

3. Moreover, we find the following deviations from the lyotropie 
series: Mg < Li; Mg < Oa < Na; Mg < (^a < Sr < K. 

It is surprising that. Li is aliead of Mg and Na of Oa beeause both 
Li and Na are eonsidered to possess low adsorption tendeney. 

4. That La enters more strongly than Ba is in aeeordance with 
the valenee-rule saying that an ion is bound the more strongly the 
higher its valence. 

5. The Mg- and Li-series show a stränge eoiirse. After having 
reached a maximum of the exehange alkalinity in 0.1 N. the alkalinity 
decreases and, with regard to Li, passes into exehange acidity. It 
is not easy to explain why these salts, espeeially MgOlg, reaet in 
an exchange-alkaline way. It appears from figure 8 that the same 
eonditions are prevailing in the ^e^phospJiate; however, this is not 
the ease in the Al- and Fe-silicates, (Fig. 9 and 12.) From this the 
eonelusion may be drawn that the anomaly must be due to a com- 
bined effect of LiCl and MgClg and the phosphate groups. It is 
rather unlikely that the irregular course should be caused by in- 
accuracies of the electrodes, since the same results have been ob- 
tained by repeating the experiments, and the quinhydrone electrode 
was used for the Al-phosphate but the glass electrode for the Fe- 
phosphate. 

As to their Chemical properties, Li and Mg show great likeness 
in many respects. Both form difficultly soluble triphosphates. In 
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any case, however, it is hard to imagine any reaetion between either 
of the cations and tho phosphate complex which would not lead to 
oxchange acidity. 

6. When the monovalent as well as the bivalent ions are arranged 
aecording to their pH-reducing effect, the following sequence is 
obtained: Mg < Li < Ca < Na ^ Sr < K < Ba < La. 
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Ferriphosphate, 

Series similar to those of Al-phosphate have been studiecl. Here, 
the quinhydrono eleetrode coiild not be used and was replaeed by 
the glass electrode. The pH was determined in the suspension. 
The results appear in figure 8 . 

The following eonclusions may be drawn from the figure: 

]. The same anomalies regarding Li and Mg are to be found here 
as deseribed above with the only difference that they are (‘onsiderably 
more marked. 

2 . K and Na deerease the pH mueh more strongly, both absolutely 
and in relation to the polyvalent ions, than was the ease in Al- 
phosphate. Tliere, the following order was valid over the whole 
concentration range: K<Ba<La; here the order is: La <Ba<K. 
With Al-phosphate the difference in a 1.0 N. solution between 
pHNa“~pHi.ii was 0.67 while with ferriphosphate the differeiiet* was 
only 0.08. 

3. With regard to the pH-reducing effect at c()n(*entrations abov(‘ 
0.001 N. the cations investigated may be arranged in the following 
order: Mg < Li < Ca < Na < La < Ba < K. 

4. When the figures 7 and 8 are compared we find a considerably 
lower pH in water for Fe-phosphate than for x\l-pho 8 phate. It also 
shows a greater exchange aeidity. This is in agreement with the 
fact that Fe(OH )3 is a considerably weaker base than A 1 (()H )3 
and therefore at corresponding pH neutralizes a minor part of the 
phosphoric acid. Moreover the ratio P 2 O 5 : FegOg is a little higher than 
the ratio PgOg: AlgOg. Thus the active acidoid beeomes greater in 
the former ease than in the latter. 

There is reason to wonder how the mentioned great deviations 
from the exchange conditions in an »ideal» acidoid and the humus 
may arise. At the low pH-values prevailing in several of the series 
the hydrochloric acid formed by the exchange reaction may have 
dissolved some of the iron in the phosphate. But, since Fe(H 20 )g*'*^ 
formed hereby functions as an acid, part of the hydrochloric acid 
is formed anew. Apart from the dissolving reaction, even an ad- 
sorption of 01-ions by way of exchange against OH-ions may have 
taken place. However, it is difficult to understand how these pro- 
cesses have been able to influence the exchange to lead to such 
deviations. 

A more plausible explanation might be that, schematically, the 
phosphate complex is partly dissolved by hydrolysis at which 
phosphoric acid and Pe(OH )3 are produced; the Fe(OH )3 then reacts 
with HCl, formed by the direct cation exchange. If the degree of 
this hydrolysis is influenced to a varying extent by the salts, it might 
be assumed that those salts which cause the greatest pH-reduction 
also cause the greatest hydrolysis. Consequently, this should have 
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been inore extensive in KCl than in the other salts and stronger in 
than in TaGlg. These conditions were examined for the Al¬ 
as well as the Fe-phosphate in 0.1 and 1 N. NaCl and CaClg resp. 
The phosphate coneentration and the shaking were the same as 
for the pH series. After filtering, the dissolved phosphorie acid was 
deterniined aeeording to Scheel (1936); Fe was estimated colouri- 
metriially with thiocyanate (Snell and Snell 1939). Al was not 
deterniined. Dissolved P, reported as P 2 O 5 in pro mille of air dried 
niatter, and Fe, reported as eoloration of solution, appear in the 
following tabnlation. 


Ahphoupliate ! Fe-phosphate 

Af hled salt i - 






' Fe 

P,o. 

Na(M 

0.1 

N. ' 

0.17 

1 nil 

0.20 


1 

1 

" 1 

0.2« 

1 ali{<ht trace 

0.31 

CaCL 

0.1 

N. j 

0.23 

1 nii 

0.48 

tf 

I 

»> i 

0.34 

i traof* 

0.50 


It the table is eompared with the pH-eurves for NaCl and (ViClg 
in fignres 7 and 8 , it is evident that there exists no positive eorrela- 
tion between the dissolving power and the pH-redueing effeet of 
the two salts. In spite of the fact that NaCl reduced the pIT raore 
than there was less P and Fe liberated in the presence of tlie 

former salt than in the presence of the latter. It is to be noted that 
only trae (»8 of F(* were set free indicating a very small exehange of 
or liberation of Fe by hydrolysis or by dissolution. 

A possible influenee of blockade effeet on the exehange reaetions 
will b(^ diseiissed below. 


AJ’SiUvate I. 

pH-series ha ve been made as with the preeeding materials. pH 
was determined in the clear eentrifugate with the aid of the glass 
eleetrode. The results appear in figure 9. 

1 . The Al-silicate I apparently behaves in many respects dif- 
ferently from the phosphate. No salt causes exehange alkalinity, 
the pH deereasing rapidly from the start. 

2 . The order of the alkali ions is in agreement with the lyotropic 
series. The difference between them is extraordinarily great as far 
as the pH-redueing effeet at different ooncentrations is concerned. 
While at 0.01 N. the distance between Li and K is 0.64 pH-units 
and between Na and K 0.42, the distance at 1.0 N. is reduced to 
0.22 and 0.09 respeetively. The rapidly inereasing /-values of the Na 
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and particularly the Li probably produce a certain effect on the 
(»xchan^e acidity at the higli eoncentrations. Still this effect is not 
so pronounced in a silicate of the type used here — niost of the pH- 
values are relatively high — sinee the inside soliition of the silicate 
in water is likely to be considerably more diliite than was the (tase 
in the humus materials investigated. Therefore, the difference 
between the increase in concentration of the outside and that of the 
inside solution does not become so great when the salt concimtration 
grows. The fact that the Li-curve intersects the Mg-ciirve may be 
explained at least partly by the more rapid growth of ju in 1.0 
solution as compared with /Mg. 

3. Within the alkaline-earth group the ciirves show tlie expected 
course. As in the ion exchanging substanees investigated abov(‘ 
the difference between Oa and Sr is insignificant. 

4. At 0.001 N. the order is as follows: Li<^^a<Mg<Oa^:Sr “ 

K < Ba < La. 

Biit at 1.0 N. it is: Mg<Li<(^a^ Sr<La<Ba^ Ka<^ K. 

In the first case, the agreement witli the lyotropic series is rather 
good, the only exception being K wliieh lies lower thau Mg, Ca, and 
Sr. But already at 0.01 K has entered more strongly tlian both 
Ba and La and at 0.1 N. K has strongly increased its advantage. 
Later also, we will often find that, at not too low concentrations, 
K decreases the pH considerably more strongly than both Ba and 
La. By comparing the position of Na, K, Mg, Ba, and La in figures 
5, 0, 7, 8, and 9, at first in 0.01 N. and then in 1.0 N. solution, the 
irnportant röle played by the ion exchanging substance for the rela- 
tive pll-reducing power is revealed as well as the effect exerted by 
the concentration. It is therefore impossible to propos(‘ a general 
order for the pH-reducing effect of the cations, sinee such an order 
would in many cases prove to be completely misleading. 

There is no quite satisfactory explanation of these stränge ion 
exchanging conditions. It is probable that in humus ion exchange 
takes place without interference from structural peculiarities, such 
as a more or less heterodispersed, sponge-like structure, while such 
interference does to a certain extent occur in many inorganic colloids 
such as silicates or phosphates. As a matter of fact, rnore (‘oinplic- 
ated and varying conditions are prevailing here than in humus. 

The more the ultramicron is strueturally heterodispersed, th(‘ 
more difficult becomes the interpretation of the ionic exchange. 
An ion with small apparent effective volume disposes of a great er 
ion exchanging surface than a big ion having no access to all the 
inner surfaces. Thus small, slightly hydratcd ions of low valence 
are favoured, if the ion exchanging substance possesses such a fine 
sponge structure that the big ions are unable to penetrate into 
every cavity. In low concentrations, 0.001 N. in figure 9, a big 
but x)olyvalent ion, for instance La or Ba, can replace more H-ions 
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flerieg the same as in fig, 7. pH series the same as in fig. 7. 


than a little ion of low valence, for instance K. Oertainly, the K-ion 
lias a greater surface at its disposal but thia is compensated by the 
stronger replacing power of the polyvalent ion. At high ooncentra- 
tions the nuniber of H-ions to be found on the outer surfaces decreases 
to such an extent that a big, polyvalent ion, in spite of its greater 
replacing power, is unable to keep paee with a small ion whioh may 
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ha ve a several tinies greater number of exchanjy:eable H-ions at its 
disi) 08 al. The size and uniformity of the cavities and the ratio be- 
tween outer and inner surfaces will at least in a eertain de^?ree be 
deeisive for the relative pH-reducin^^ effeet and the replacin^? power 
of the ions. However, the ion bloekade will not 8 uffi(*e as a satis- 
faetory explanation of the »abnormal» exehan^^e eonditions. There 
may be reaetiona of an unknown nature, speeifie reaetions, causinj^’ 
the exehan^e to deviate from those in an »ideal» aeidoid. As will 
be shown below, these speeifie reaetions are intimately conneeted 
with low pIT-valuea. A thorou^h study of these problems must 
eertainly be eombined with an examination of the strueture of the 
(»xehangers and an analysis of all ions in solution; this is however 
beyond the seope of the present investif^ation. 

An experiment by Damsgaabd-Sorejnsen (1941) indieates the 
influenee exerted by the strueture on the ion exehan^e. He leaehed 
NH 4 -saturated j)ermutite-G with caleium ehloride solution. Ilere 
it proved very diffieult to remove the last 20 % of the Nll 4 -ions. 
This was easily performed by KCl and Na("l, and also Ba(^l 2 re- 
plaeed mueh better than Cat^^lg. It is evident- that the different 
effi(*ieney of the replaeing ions is not in agreement with their normal 
replaein^j power, which lies in the order: Na < K < Ta < Ba. An 
interferin/? effeet of a high 11 -ion eoneentration is not to be expeeted 
here, sinee the permutite was treated with neutral salts. It seems 
to me that the phenomenon is eonnected with ion bloekade. 

The explanation mijjht, at least partly, be found in the faet that 
(’a, havin^ the greatest volume in the hydrated eondition, shows the 
^^reatest bloekade effeet; next eomes Ba, then Na and last K whi(‘h 
also replaeed most quiekly. 

From a purely theoretieal point of view, even a bij^ ion showin^ 
the bloekade effeet should be able to replaee a smaller ion, provided 
that washin^? with the replacin^ ion is enntinued suffieiently lonjf. 
On aeeount of the deereasc in eoneentration of the smaller ion on 
the outer surfaees, a slow outward ditfusion from the inner surfaees 
will ^o 011 . But sinee the big ions are unable to »enter», the ions 
diffusing outward are replaeed by H-ions from the water. A hydro- 
lysis takes plaee. In such a ease the ion swarm will eontain more 
H-ions in the inner parts than in the outer ones. 

Ahsilicate 77. 

Similar pH-series as in the preeeding ease have been made. Sinee 
the glass eleetrode was used and the suspension effeet was very 
strong, eentrifugation was carried out and pH determined in the 
clear centrifugate. The results are given in figure 10. 

As shown by the figure, the results closely agree with those found 
for Al-silieate I, the same commentaries being valid on the whole. 
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Fig. 11. Aluminium silicate III. Not Fig. 12. Ferrisilicate. pH series and 

dned after precipitation. pH in tho amount of substanoe the same as 

same Solutions as in fig. 5. in fig. 5. 


Al-silicate III, 

With this silicate which had been precipitated »isoelectrically» 
but not allowed to dry, similar pH-series were made as for the other 
silicates. It was intended to find out, if tbere is a difference as to 
the exchange conditions between a dried silicate and a fresh silicate 
gel. The drying is likely to lead to an alteration of the structure, 

5—46590 Lantbrukahögakolana Annaler. Vol. 14 
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implying a inore complete development of a lattice structure and 
the formation of polyons by the union of monons whereby the 
inner surface grows at the expense of the outer surface and the block- 
ade effect becomes more marked. 

As pointed out before, the difference in composition between 
silicates I and III is relatively insignificant. The SiOg: AI 2 O 3 ratio 
is 2 .73 for the former and 2.22 for the latter; this disparity wiK scarcely 
have caused any greater difference in the exchange conditions. 

The gel had a creamy consistency. After stirring it could be 
measured with the aid of a special pipette. 10 ml of the gel were 
mixed with 10 ml salt solution. pH was deterrnined in the centri- 
fugate and with the glass electrode. The results are shown in figure 
11 . 

When figure 11 is compared with figures 9 and 10 a great difference 
is to be found between the rclative position of the curves. The 
drying has apparently led to a considerable change of the ion 
exchange properties of the silicatc. 

The pH-reducing effect at 0.005 and 0.05 N. has the following 
order: Li < Na < Mg < Ca < Sr < K < Ba < La. Note the great dis¬ 
parity between K, Ba and La in the different silicates. Only at 
the highest concentrations in sibeate III the K-curve interseets the 
Ba- and La-curves. The normal valenee effect could manifest itself 
more strongly here than in the silicates 1 and II. 

The valence effect was still more marked in an experiment made 
by Bacon (1936), who found pronouneed dissimilarities between 
different valence groups with regard to the pll-reducing effect. 
To newly prccipitated and not dried aluminium-silicate gel 0.1 N. 
Solutions of nitrates and chlorides were added whereafter pH was 
deterrnined. The pll was reduced in the following order: Na ^ K< 
<Ca ™ Ba< La. 

The divergences of the ion exchange existing between silicate 
III and Bacon^s silicate gel, may be due to differences in the struc¬ 
ture and composition of the gels and to the faet that the pH-values 
in Bacon’s experiment lay between 6.39 and 5.58. 

Ferrisilicate, 

The results from the pH-series — glass electrode — are to be 
found in figure 12 . 

It appears from the figure that the alkali ions reduce the pH very 
strongly as compared with polyvalent ions. Already in 0.001 N. 
solution, K reduces the pH-value more than Ba does. At the highest 
concentrations, the order is: Mg < Sr 5 La ^ Ca < Li < Ba < Na < K. 

K lies particularly low. Even Li nearly equals Ba in 1.0 N. solu¬ 
tion. The entire La-curve lies very high. 

At present, it is impossible to decide to what an extent these great 
deviations from the exchange conditions in an »ideal» acidoid may 
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fig. 7. fig. 7, Sr and La excludod. 


be traced back to ion blockade. Undoubtedly, ion blockade plays 
a certaiii röle but other, so far unknown factors may be imagined 
to be of great importance. In the suspensions of 0.1 and 1.0 N. 
NaCl and CaClg dissolved Fe was estimated with thioeyanate. How- 
ever, no trace of Fe eould be detected. 

Permutite, 

Permutite is a technical product consisting of aluminium silicate 
and, as mentioned before, possesses a spongy structure and usually 
a liigh cation exchange capactiy. According to Hofmann (1942) and 
others, permutite is to be considered as an amorphous substance. 
The results from the pH-series appear in figure 13. 
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The pH has been dec^easod in the order; 

at 0.01 Li < Mg< Na< Ca< Sr< Ba ^ La< K 
at 1.0 N.: Mg 5 La<Li ^ Ca = Sr< ^^a<Ba< K. 

The order within every valence group agrees with the lyotropic 
series but, for the rest, the position between the diffen.nt ions is 
scarcely dependent on the valenee. La, especially, seeiris to deerease 
the pll slightly at high eoncentrations. The ion exchange eonditions 
of permutite are similar to those of the dried silicates treated above, 
so that no additional explanations are needed. 

In order to find out if the relative position of the K- and Ba-eurves 
changes with the length of the time of reaetion, j)H in 0.1 N. solution 
was taken 13 days after the addition of the salt. The differen(*e in 
pH between KCl and BaClg was 0.08. Figure 13 shows that the 
corresponding differenee amounts to 0.09. It appears from this that 
a long time of reaetion does not change the result. 

Hamsgaard-Sorensen (1941) found the following cation exchange 
capacities for a permutite-G (caleulated by the author to the weight 
of H-saturated material); 

Na NH 4 K Ba 

m.e./g 2.07 2.184 2.21 2.17 

This result being in analogy with the pH-values obtained witli 
the silicates I and II in 0.1 N. solution and, to a certain extent, 
also with those obtained with permutite, compare figures 9, 10 and 
13, evidently points at the importance of the strueture for the ion 
exchange. A possible disturbing effeet of a high H-ion concentra- 
tion is not to be expeeted here, as the exchange capaeity is deterrnined 
at pH 7. 

In the introduetion, some of Jenny^s (1927) exchange experiments 
with permutite have been related. As it appears his results are in 
rather good agreement with my own observations. 

Bentonitc. 

Bentonite is a clay the origin of whieh is problematical. Its main 
component is the mineral montmorillonite, AI 2 O 3 • 4 SiOg • HaO + 
nH 20 . The crystalline strueture, swelling in water, and pronounced 
inner surface ion exchange have been dealt with before. According 
to Mattson (1932), no amphoteric charaeter is indicated hj the 
reaetions of bentonite neither electrophoretically nor by its exchange 
reaetions. Mattson even believes that bentonite must be considered 
to be a stronger acid than humus. Its cation exchange capacity 
varies between 80 and 100 m.e./lOO g. 

pH-series as before have. been made with H-bentonite; however, 
0.001 N. has been omitted. Pigure 14, 
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The following results appear from the figure: 

1 . The bivalent ions, throughout, reduce pH in a higher degree 
t han the monovalcnt ones. This effect may appear unexpected since 
bentonite is a silicate and the silieates in earlier cases behaved 
in a different way. The explanation may be found in the fact that 
no ion blockade oecurs here but that ionic exchange takes place 
unimpeded within the open lattice of bentonite allowing the »normal» 
adsorption of the ions. 

2 . Mg, Ca and Ba replace with the same strength at all concen- 
trations. 

3. Na and Li replaee with equal strength except in 1.0 N. solution 
where Li is stronger than Na. The same was the case in humus, the 
reason being presurnably the same. Like humus, the H-bentonite 
may have a. rather higli inside concentration making possible such 
an effeet if the difference /Li“/Na as well as /h in the outside solution 
rapidly grow. 

4. The K-curve exhibits a stränge eourse which, at present, 
cannot be explained satisfactorily. Specific eonditions must be 
assumed to prevail here giving rise to this stränge reaction. The 
deterininations have been repeated without a change in the results. 
For the rest, KCl behaves in the same way in the bleaching earths 
which are closely related to bentonite, figure 15. The anomaly of 
potassium ehloride in montmorillonite will later be studied more 
closely. 

Kegarding the relative replacing power of Li and Na in 0.01 N. 
and 0.1 N. solution as well as that of Mg, Ca and Ba in all concentra¬ 
tion s, the results are in agreenient witli those of Schachtschabel 
(1940). He found that, when ion exchange took jdace between NH 4 - 
montmorillonite and alkali and alkaline-earth ctilorides, the difference 
between Li and Na was minute and that Mg, Ca and Ba were ad- 
sorbed practically to the same extent. The alkaline-earth ions re- 
place.d more strongly than Li, Na and K. It is of interest that KCl 
behaved »norrnally» towards NH 4 -montmorillonite. 

Kaolinite. 

The rnain constituent of kaolin or poreelain-clay is the mineral 
kaolinite with the composition: AI 2 O 3 • 2 SiOg • 2 HaO. The structure 
of kaolinite has been dealt with before. As mentioned abo ve, kao¬ 
linite performs only outer-surface ion exchange and its base exchange 
capacity is very low. It will be seen from the neutralization curve, 
figure 20, that in 0 .1 N. salt solution it binds only about 3 m.e./lOO g 
at pH 7. On account of the low cation exchange capacity of kaolinite 
and because the reactions presurnably took place too close to the 
equi-ionic point, the exchange acidity was low and the difference 
between the ions somewhat uncertain. No numerical results from 
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theae seriös are therefore presented. The noutralizatiou curve will 
be published bclow. However, it shall be nientioned here that the 
pll-determinations |?ave no indication of ion blockade and that 
the replaeing power had the order: 

monovalent < bivalent < trivaleiit, 
although the differences were minute. 

Bleaehing earths. 

For the bleaehing of oils certain clays of natural occurrence are 
used at present, which are made active by treatrnent with II 2 SO 4 
or HCl. According to Hofmann, Endell and Wilm (1934), the 
bleaehing earths have the same eomposition and stru(*ture as ben- 
tonite; thus, they possess a montmorillonite-structure. Sinee it is 
of interest to eompare ionie exchange in these unique (days with 
other eolJoid material, espeeially bentonite, they have been ineluded 
in the experiments. However, coneentration series have only been 
exeeuted with K- and Ba-ehloride. The eation exchange eapaeity, 
determined after Ohapman and Kelley (1930), was for German 
bleaehing earth 1 , activated with H 2 SO 4 , 56 and for German bleach- 
ing earth 2, activated with HCl, 52 m.e./lOO g. 

The results of the determinations are presented in figure 15. 

It appears that the bleaehing earths behave like bentonite as (*.ould 
be expeeted on account of their likeness as to the mineral eomposition. 
pH has also been determined in 1.0 N. solution of the cations not 
ineluded above, whereby results corresponding to those for bentonite 
were obtained, table 5. 


Table 5. Determination of the pH-value of electrodiälysed 
bleaehing earths. 


Soil 

In 1.0 N. solution of 

NaCl 

KCl 

MgCl, 

CaCla 

SrClj 

BaClj 

LaOh 

Geiman bleaehing earth 1 
German bleaehing eaith 2 

2.19 

2.20 

2.49 

2.60 

2.13 

2.12 
2.13 ! 

2.15 

2.15 

2.15 

2.14 

2.17 


The stränge behaviour of the bleaehing earths and the bentonite 
in KCl-solution might be imagined to be due to a reaetion requiring 
time. In order to investigate this, pH was determined for the 
German bleaehing earth 2 in 1.0 N. solution after 1/60, 2 , 15 and 24 
hours’ time of reaetion. The result indieated, however, that the 
reaetion was very rapid, as all the pH-values were the same within 
the range of the experimental error. 
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Fig. 1.5. German bleaching 
earths. Nr. 1 activated with 
HjS 04 and 2 with HCl. pH 
in K- and Ba-chiorides. 
1.0 g in lO.O ml solution. 



00 -3 -2 -^1 0 00 -3 - 2 -1 0 

>®log Salt Cone. N. 


The frequently applied mothod to detormine the pH of a soil in 
1.0 N. KCl gives eonstant and reliable values in most cases. But, 
as appears from the determinations in bentonite and the bleaching 
earths, results may be obtained whieh do not express the conditions 
in other salt Solutions and yield too low values for the acidoid 
activity uf the soil. From this point of view, a comparative in- 
vestigation of a greater number of soils containing montmorillonite 
seems to be justified. 

Mineral soils, 

pH-determinations were made in 0.1 N. Solutions for the soils 
named in the list of materials. 4.0 g soil in 10.0 ml solution. Table 6. 


Table 6 . Determination of the pH-value of electrodialysed soils in 
0,1 N, salt Solutions, 



Water 

LiCl 

NaCl 

KCl 

MgCl, 

CaClj 

SrClg 

BaCl* 

LaCl, 

Soil from 
Sperlingsholm 

3.04 

(3.10) 

3.15 

3.11 

3.06 

3.03 

3.05 

3.01 

2.85 

Soil from 
Fristorp 

3.80 

3.17 

3.17 

3.13 

3.11 

3.10 

3.11 

3.06 

3.01 

Soil from 
Kungsängen 

3.97 

3.17 

3.18 

3.15 

: 3.11 

3.10 

3.11 

3.10 

3.03 

Ancylus clay 
from Äma 

4.58 

3.80 

3.75 

3.44 

3.54 

3.49 

3.49 

3.44 

3.35 
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The following appears from the table: 

1. The ions of the different valence-groups reduee the pH-value 
in the following order: inonovalent<bivalent< trivalent. 

2 . The differeiieea between the groups and between the ions 
within the groups are small. Throughout, the K- and Ba-ions reduce 
the pH-value more than the other ions within the respective groups, 
but the difference is insignificant. 

3 . The Ancylus (*lay behaves somewhat differently from the 
other soils by yielding the following order: Li<Ma<Mg<ra 
-Sr<K-Ba<La. 

Tt is diffieult to explain this divergent bcdiaviour of the Ancylus 
clay. It is possible that the Ancylus clay has a composition different 
from the other soils as to the clay minerals. As shown by Schacht- 
SCHABEL (1940) the K> and NIl 4 -ions have a strong sorption tendency 
towards minerals of the mica type. Oonsequently, a higher eontent 
of mica in the Ancylus clay raay have caused the K-ion to reduce the 
pll-value relatively more strongly in this material than in the others. 
Unfortunately the contents of the Swedish soils of the different clay 
minerals have not been the subject of any investigation, so that no 
indication as to the interpretation of the present question can be 
found in that way. 

4. The values obtained are, except for K in Ancylus clay, in 
agreement with the results of Teeäsvuori and Arbhenius. As 
mentioned before, these investigators found that in soils the pH- 
value was reduced in the order: 14a<K<Mg<Ca. 11 owever, for 
that reason one may surely not expect that all soils would behave 
in the same way towards added neutral salts, though the deviations 
from the conditions in an »ideal» acidoid rarely will be as great as 
in certain of the synthetic ion exchangers. 


B. Neutralization curves. 

It followed from the concentration series that the relative pH- 
reducing effect and replacing power of the cations — as indicated 
by the pH — varied in a high degree in accordance with both the 
nature of the ion exchanging substance and the concentration of the 
salt. No information has been gained, on the other hand, whether 
the mutual order of the ions changes with the pH in the suspension. 
This information, however, is given by the neutralization ciirve. 
To bring out this relationship it was not considered necessary to 
include all salts used before; therefore only NaCl, KCl, CaClg, and 
BaClg have been used, LaCla is hydrolysed at higher pH and has 
therefore been omitted. Moreover, only part of the investigated 
materials have been included here. 
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Fig. IG. Neutralization curvoB in O.l N. Na-, K-, (-a- and Ba-chloridea of humus 
from Hågghygget Fjj. 1.000 g substanoe in 20.0 ml solution. 


The material was weiglied into pIT-tubes wliereafter the calculated 
aniounts of water, salt solution, and hydroxyde were added in that 
order. Throiighout, the salt concentration has been 0.10 N. The 
time of reaetion has been the same as in the concentration series. 

Humus from Häggbygget, 

The results are presented in figiire 16. 

On account of the low solubility of the calcium hydroxyde it has 
not been possible to reach higher values thau a little above pH 5 
for the Ca-curve. 

It appears from the figure that the replacing power of the Ca- 
and Ba-ions in relation to that of the Na- and K-ions increases 
considerably with increasing pH. This becomes evident by a widen- 
ing of the horizontal distance between the neutralization curves. 

In salt Solutions without addition of either acid or base a certain 
difference between the pH-reducing power of the ions is to be found, 
but this difference is not constant and not independent of the pH 
of the outside solution. This is explained as follows: 

If the replacing power of a monovalent ion is a certain fraction 
of that of a bivalent ion, the difference between the total number 
of H-ions repla(*/ed from an acidoid by the bivalent and by the 
monovalent cations must develop from zero (at low pH) towards 
a maximum and back again to zero, in accordance with the increase 
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in tlie pH-value and the ^jrowinff de^ee of protolysis. Both for »idoal» 
and real weak acidoids the neutralization curves will not be fully 
symnietrical since the apparent dissoeiation constaiits grow some- 
what duririg the titration, and this increase is greater for the bivalent 
ion than for the rnonovalent one. The vertical distance between the 
neutralization curves will therefore be greater in the upper part 
(pH > pk) of the curves than in the lower (pn< pk). The curve of 
the bivalent ion will, in its lower and medium part, show a weaker 
incline than the curve of the rnonovalent ion. 

These conditions are governed by the activity coefficients and 
their variation and the 5f-value in the Donnan formula. When acid 
is added, the degree of protolysation decreases and with this the 
2 :‘Value and the ionic strengt.h of the colloid ion. When the acidoid 
is neutralized, the degree of protolysation, the 0 -value, and the ionic 
strength increase. The concentration of the outside solution is, 
however, practically constant while the neutralization is in progress, 
so that even the activity coefficients of the ions in the outside Solu¬ 
tions may be considered as beiiig constant. In the inside solution, 
on the contrary, tlie activity coefficients decrease when the acidoid 
is neutralized, the change being greater for the bivalent than for 
the rnonovalent ions. On account of the growing ratio z : x the 
valence effect (cf. part 11:10) increases with the neutralization 
degree. It appears from what has been said that, when an acidoid 
is neutralized, the ratio betw'een the replacing power of a bivalent 
and a rnonovalent ion must, within certain limits, grow symbatically 
with the pH and thus cause asymmetrical neutralization curves 
even for an »ideal» acidoid. 

Ferrisilicate, 

The results are given in figure 17. 

The figure shows: 

1. At the 0-point of the abscissa the cations reduce the pH- 
value in the order: Ca<Ba<Na<K; but as pH grows, the Ba- 
and Ca-curves approach the curves of the rnonovalent ions and 
finally intersect them. Thus, at the highest pH-values the »normal» 
order is established: Na<K<Ca<Ba. Consequently, the strong 
deviation of the Fe-silicate from the behaviour of an »ideal» ex- 
changer and that of humus, which was in the first place considered 
as a result of specific reactions, seems to be conneeted with the pH 
of the suspension. At low pH the deviation in the relative order of 
the pH-reducing power of the ions is great, but with increasing pH 
the deviation decreases and finally disappears. 

2. When compared with each other the Na- and K-curves are 
found to be in agreement with the theory. The same applies for the 
Ca- and Ba-curves. 
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Fig. 17. Femsilicate. Neutralization curvoR aa in fig. 16. 


Permutitc, 

The results are to be found in figure 18. 

By coniparing figure 18 with figure 17 it will be seen that per- 
mutite and ferrisilicate behave in a similar way. What was said 
about ferrisilicate is apparently also valid here. 



Fig. 18. Permutite. Neutralization curves as in fig. 16. 
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Fig. 19. Bcntonite. Neii- 
tralization ourvos in 0. i 
and 1.0 N. KCl and m 0. i 
N. Na-, Ca- and Ba-fhlo- 
rides. 1.000 g substance in 
20.0 ml solution. 


Bentonite, 

As appeared from fi^ure 14, bentonito yioldod ooiisiderabJy hi^rher 
pH-values in 1.0 N. than in 0.1 N. K(^i. However, those 8tran|?e 
conditions could not be explained. Tn order to find out if the distance 
between the two KCl-curves varies with the pH-value, both 0.1 N. * 
and 1.0 N. KOI were ineluded in the neutralization eurves. Fi^jure 19. 

The followin^ appcars from the figiire; 

1. The distance between the pH-curves for 1.0 K. and 0.1 K. 
KCl is eonsiderably ^rreater at the lowest pH-value than at the 
hi^^her ones where the distance is rather constant. The eurves shoiild 
have been continued to higher pH-values but unfortunately there 
was not suffieient material. Still the conclusion may be drawn that 
the stränge reaction of potassium chloride with bentonite is not to 
any greater extent dependent on the hy drogen ion concentration 
but seems to decrease somewhat with growing pH-value. 

2. In agreement with the concentration series, the Na-curve 
in 0.1 K. solution lies at low pll below the K-curve. But already 
at a pH of about 3.1 the eurves intersect whereafter K lies below. 

3. A t low pll-values the Oa- and Ba-curves coincide but, with 
increasing pH, the eurves diverge in agreement with the theory. 

Kaolinite, 

On account of the very low cation exchange capacity of kaolinite^ 
2 g/20 ml were used for the neutralization eurves. All eurves running 
very closely together, only those of KCl and BaClg were ineluded in 
figure 20. 




m.e. Base/lOOg H-kaolinito 
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There is only little difference between K and Ba, but it clearly 
appears that Ba is niore ströngly replacing, especially at higher pH. 
Oonsidering the fact that ionic exchange here only takes place on 
outside siirfaces, this result was to be expected. Compare the con- 
ditions in humus from Häggbygget Fg. 

f^urface Soil from Sperlingsholm. 

The results appear from figure 21. 

In conforriiity with humus and kaolinite the Sperlingsholm soil 
behaves »norrnally» the order for the replaeing power over the whole 
pH range being: Na<K<Ca<Ba. 

The neutralization eurves of the different materials seern to 
justify the conclusion that the relative pll-deereasing power of 
cations is at low pH-values in the first place determincd by the nature 
of the exchanger and at higher plJ-values generally by the kind of 
the ions and the strength and exchanging capaeity of the acidoid. 


7. Conclusions. 

It has been shown theoretically that in an »ideal» acidoid the re- 
placing power and the pH-reducing effect of the cations are deter- 
mined by: 

1. the activity coefficient of the ions. The lower this is in the 
micellar solution, the stronger the replaeing power. The activity 
coefficient is a function of the valence, the effective diameter of 
the hydrated ion, the protolysation degree and the exchange capa- 
city of the acidoid (ionic strength of the micellar solution), and the 
concentration of the salt added. 

2. the »relative dilution», i.e. the ratio between the activity 
of the inside and outside Solutions. The greater this ratio, the 
stronger is the replaeing effect exerted by a polyvalent ion compared 
with a monovalent. The theoretical considerations have led to the 
result that the following ions may be arranged according to their 
replaeing power and pH-deereasing effect in the order: 

Li < Na < K < Mg < Ca < Sr < Ba < La. 

This order is valid in an »ideal» acidoid and in a true acidoid where 
the strueture raises no impediments for the diffusion of the ions to 
and from the exchanging groups. In a great number of exchanging 
materials, however, greater or smaller deviations from the above 
order are to be found. The experimental results indicate that the 
relative pH-reducing power of cations is determined by: 
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1. the naturo of the ions, 

2. the nature of the exchange material, 

3. the concentration of the added salt, 

4. the pH of the suspension. 

The organic material was found, in the connections treated here, 
to behave like an ideal acidoid, since the pH-decreasing power of 
the ions in concentrations up to 0.1 N. agreed with the order given 
above. In 1.0 N. solution the order was reversed for the alkaline 
ions: K < Na < Li, while it remained unchanged both for the other 
ions and betwoen the valence groups. 

In the inorganic material the order varied considerably, both 
from onc substanee to the other and with the salt concentration. 
At higher concentrations (0.1—1.0 N.) the alkali ions as a rule 
decreased the pH niore strongly than the eorresponding alkaline- 
(^artli ions. This has been considered to be eaused partly by ion 
bloekade due to structiiral peculiarities and partly by specific 
r(‘actions. 

The neutralization curves showed that an inversion of the mutual 
order of tlie pH-deereasing power of the ions may oceur as the pH 
inereases. The »normal» adsorption energy of the ions proves more 
effeetive at higlier than at lower pH-values. Therefore, the irnportance 
of the nature of the ion exchanger seems to dcerease with growing 
degree of protolysation. 

As shown by the investigation, it is not i)ossible to obtain a general 
relative order of the pH-reducing power of the more common alkali 
and alkaline-earth ions and the lanthanum ion. The same is un- 
doubtedly the case even for the other ions. Therefore, it is evidently 
meaningless and often misleading to advance such a series without, 
at the same time, mentioning the type of the exchanger and the 
concentration of the replacing ions. 


IV. General Properties of a Resin Acidoid 
and Basoid. 

1. introduetion. 

Because of the great irnportance of synthetic-resin ion exchangers 
for, among other things, the technique of water softening and 
desalting and for analytical chemistry, and because of the faet that 
such a resin, Wofatit K, is extensivoly used in the following inyestiga- 
tions, the general properties of this cation exchanging material shall 
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be studied here riiore closely. Tliis seems to be the inore justified as 
it lias proved iinpossible to secure all the information desired about 
the properties of synthetic resins which are of importance from the 
point of view of ionic* exchange. On the other hand, the deseription 
of the anion exchanfre resin, Wofatit M, has been given in a more 
summary way, partly because anionie exchange has been studied 
in the following to a minor extent than cation exchange, and 
X)artly because anion exchangers so far do not seem to have the 
same importance for technical i)ur])oses as cation exchangers. A 
general survey of the synthetic resins is given by Myers (1942). 


2. The Cation Exchanf^e Resin Wofatit K. 

Wofatit K belongs to the great number of synthetic ion exchangers 
produced by I. G. Farbenindustrie A.-G. and known in Sweden 
under the common name of organolites. According to Griessbacii 
(1939) Wofatit K is a condensation product of acidic, aromatic 
compounds (phenols) with formaldehyde, and according to the same 
investigator it is a pure cation exchanger, the ionogen groups of 
which consist of aromatic nuclear-sulphonic-acid groups (—SOgH) 
distributed within the homogeneous resin gel of an almost lattice- 
like structure. Sulphonic acids being strong acids, Wofatit K in 
aqueous solution may be considered as being completely protolysed. 
Neutralization curves which were made for resins by Grtessbach 
(1939) and Richter (1939) confirm this assumption. Samuelson 
(1944) has studied similar sulphonic ion exchangers, some of them 
produced by himself, and especially their application in the Chemical 
analysis. 

Apart from the properties mentioned of Wofatit K, it may be 
added that resins are said to be insoluble in water and salt Solutions 
and, as far as cation exchangers are concerned, to be very insensible 
to strongly acidic Solutions and to possess both high reaction velocity 
and exchange capacity. 

The resin contained some big grains and was therefore sifted 
through a 2 mm sieve. The Na-saturated resin was treated at first 
with 2 N. and then witli 0.5 HCl until all Na-ions were replaced 
by H-ions. By this treatment the small amounts of HCl-soluble 
iron compounds contained in the resin were removed at the same 
time. The dissolution of the iron was controlled by testing as to 
trivalent iron with potassium ferrocyanide. After some washings 
the iron reaction had completely disappeared. The resin was freed 
from chloride by washing with distilled water and then dried at 
30—35® C. The contents of dry matter were determined in the 
vacuum above PgOg at room temperature. 
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A. Contents of S, Fe, and iV. 

S and Fe were determined by burning 500 mg resin with sodium 
peroxide (NagOg) in the peroxide bornbcalorimeter of Parr. By this 
the sulphnr is oxidized into sulphate. The melt was dissolved in 
water, and the solution was acidified with HCl. The iron was then 
precipitated with NHg and titrated with KMn 04 . In the filtrate 
from the iron determination the sulphate was determined by 
l)recipitation as BaS 04 aecording to Hillbbrand and Lundell 
(1929). The nitrogen was determined by the Kjbldahl procedure. 
Table 7 gives the results from the analyses; the N content of Wofatit 
M is given in the same table. 

Table 7. Analysis of H-Wofatit K as io S, Fe and N and of OH- 
Wofatit M as to calculated in per cent of the dry matter. 

S Fe N 

H-Wofatit K 7.64 0.36 0.03 

OH-Wofatit M — — 18.30 

In spite of the intensive washing with hydrochloric acid, the resin 
still holds some iron which, however, must be assumed to be in a 
nonexchangeable form. 

B. Time necessary for wetting. 

Certain materials, for instance humus, seern to hold a layer of 
air so strongly adsorbed that wetting by water is delayed. The 
same might be thought to be the case in resin, perhaps to a still 
higher degree on account of the capillary structure and the extremely 
large inner surfaces of the resin grain. Therefore, if such a substance 
as resin is to be used for ionic exchange, it is of interest to know how 
quickly the moistening process is performed. The ion exchanging 
capacity cannot be considered to be maximal unless the inner surface 
has become completely wetted. 

The velocity of moistening has been studied by determining the 
specific gravity of the resin with the aid of the volurae-pycnometer 
of OsTWALi) at different times after water had been added. While 
the wetting is going on, the specific gravity will increase, but finally, 
become constant when the resin is completely soaked. 20.000 g 
of the air-dried substance were weighed into pycnometer fläsks, and 
sufficient distilled water was added to cover the resin. The fläsks 
were then placed in a slow shaker. The specific gravity was deter¬ 
mined after 1, 24 and 120 hours respectively. The determinations 
were made at thoroughly controlled temperature. For comparison 
a determination was made by evacuation. After water had been 

6 — 46600 LarUbrukakögskolans Annaler. Vol. 14 
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Table 8 . The specific gravity of H^Wofatit K, with and 
without evacuation. 



Without evacuation 

With 

evacuation 

Hours after addition 
of water 

Specific gravity 

1 

1.6701 

24 

1.6771 

120 

1.6799 

120 

1.6800 

17 

1.6801 


added, the pycnometer was placed into a desiccator and slowly 
evacuated. The pycnometer was kept for 5 hours in the vacuum 
and after that for 12 honrs without vacuum. 

It appears from table 8 that the specific gravity grows but slowly 
without evacuation, but after 120 hours it has reached the same 
value as with evacuation. Bvidently the resin should either be 
moistened in advance or the time of reaction has to be taken rather 
long. 

C. Solubility in water. 

For analytic purposes it is recommended to use cation exchange 
resins in a H-saturated State for the separation of cations and anions 
(Samuelson 1942 a). The cations are quantitatively exchanged for 
H-ions. After the solution which is to be analysed has passed through, 
the adsorbent is washed until the filtrate becomes neutral. The 
released amount of acid which is equivalent to the cations adsorbed, 
may then be titrated in the ordinary way. The method is only 
applicable on condition that the ion exchanger does not release any 
traceable amounts of acidic substances (for instance by loss of 
sulphonic-acid groups caused by hydrolysis) or, if this should be 
the case, that it is a question of so low amounts that a correction 
can be introduced. 

11.0 g of air-dried H-resin were put into a suitable apparatus (a 
vertical tube furnished with a stopcock below and a container for 
the liquid above) and soaked for several days. The resin column 
was 12 cm long and 1.3 cm in diameter. 1000 ml of distilled water, 
which was freed from carbon dioxide, were allowed to run through 
the column at the rate of 22 ml per minute. The effluent was evapor- 
ated until 50 ml were left and titrated with potassium hydroxide, 
a mixture of methyl red (MK) and methylene blue (MBl) being used 
as indieator. The addition of BaClg showed no trace of a precipitate. 
In the same beaker 1 liter of distilled water, which was free from 
carbon dioxide, was evaporated until 50 ml were left and titrated 
in the way described above. This titration value was considered 
as a blank and was subtraeted. Caleulated per one gram of P 2 O 5 - 
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Table 9. Titration of acids diaaolved by the shdking of H-Wofatit K 
in water, m.e.jg dry H-Wofatit. 


Time of shaking, 
hours 

Kotating shaking 
machine 

Shaking machine working 
horizontally 

1 

24 

1 

Strong aoids. 

0.0S6 

O.OÖl 

0.062 

0.009 

Weak » . 

0.010 

0.011 



dried H-resin and per 100 ml of the filtrate, acidic substances to the 
amount of 0.000070 m.e. were solved out. 

By leaching with water an analyticaUy demonstrable amount 
of acid has apparently been dissolved. However, the quantity is 
so little that in not too minute analyses the error may be either 
neglected or corrected for. 

D. Mechanical stability in water. 

It is a general practice in ion exchange experiments to shake 
the ion exchanging material more or less thoroughly in order to 
attain the equilibrium as quickly as possible. When the exchanger 
has a grain structure, as is the case with Wofatit K, and when the 
mechanical stability is not very high, the shaking may result in the 
dissolution of part of the material in a mechanical way. 

The following experiment was carried out: 5.000 g of H-resin 
were weighed into fläsks, 100 ml of distilled water, which was free 
from carbon dioxide, were added, whereafter shaking took place 
for 1 and 24 hours respectively in a rotating Wagner shaking- 
machine. Por comparison, other samples were shaken for 1 hour 
in a shaking-machine moving forward and backward, by which mainly 
the fluid was heavily agitated. While the shaking was going on, 
the fläsks were also shaken by hand several times in the latter case. 
The solution was filtered through a membrane-filter (fine, size of 
pores 1 [ji—50 mjx). 60 ml of the filtrate were titrated with sodium 
hydroxyde, at first, against MR, for strong acids and then, against 
phenolphtalein (PP), for weak acids. 

In spite of the fact that the resin grains are hard and glassy, a 
not insignificant amount of acid has been dissolved by the shaking. 
The rotating machine has brought about a more intense solution. 
Judging from the result a proportionally greater amount is dissolved 
by a short shaking than by a long one. Among the acids solved the 
strong acids are dominating; therefore, it is most probable that it 
is a question of sulphonic-acid groups being released. 

In the following ion exchange experiments the resin has as a rule 
been shaken partly in the horizontally working shaking-machine 
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and partly, now and then, by hand, but always as ^ently as possible. 
The. dissolntion which was observed leads to the effect that adsorbed 
ions are liberated and the exchange capacity, perhaps, decreases 
a little. However, this effect will not reach such a magnitude as to 
render doubtful or inaccurate the results achieved or the con- 
clusions drawn from these. 

E. Time required for exchange equilibrium. 

The time necessary for attaining the exchange equilibrium 
with resins has been the subject of a number of investigations by, 
among others, Walton (1943), Samuelson (1944), and Nachod 
and WooD (1944). They all agree that the equilibrium is reached 
quickly. Yet, there seem to be certain divergenc.es on account of 
the kind of the resin uscd. 

Two experiments have been made regarding the velocity of the 
reaction. In experiment nr. 1 the additional question was examined, 
to what an extent the time necessary for attaining the. equilibrium 
is influenccd by the length of the interval between the moistening 
of the resin and the beginning of the reaction. 

Experiment nr. 1. 

10.00 g of air-dried H-resin were weighed into two 1000 ml 
volumetric fläsks. 250 ml of distilled water, whieh was free from 
carbon dioxide, were added in one of the fläsks which was then kept 
for 10 days. The 250 ml of water were not added to the other flask 
until the ninth day. On the tenth day 20.00 m.e. NaCl and water 
up to the mark were added in both fläsks which were then shaken 
in a Wagner machine for the times mentioned below. A sedimenta- 
tion-time of five minutes is not included. 100 ml were titrated with 
NaOH, ME being used as indicator. 

Table 10. The time necessary for equilibrium between H-Wofatit K 
and NaCl, the resin being moistened either 1 or 10 days before the 
beginning of the reaction. 


Time of reaction, minutes 

ml of 0.1034 N. NaOH used 

1 day j 10 days 

10 

10.58 

10.65 

20 

10.79 

10.84 

40 

10.84 

10.88 

80 

10.86 

10.89 

160 

10.87 

10.89 

70 hours with, and 17 



hours without shaking 

10.96 

10.95 
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It appears that the ion exchange has progressed somewhat more 
slowly in the material that had been moistened only one day before 
the beginning of the reaction. The difference in the exchange acidity, 
however, is insignificant and amounts after 10 minutes hardly to 
0.7 % and after 160 minutes it has practically disappeared. On the 
whole, ionic exchange has been accomplished quickly. Already 10 
minutes after the addition of NaCl to the material that had been 
moistened for the longer period, 97.8% of the exchange acidity 
to be found at the equilibrium were reached. After 40-80 minutes 
the equilibrium was attained. The slight inerease of the exchange 
acidity after another 87 hours may be caused by the long-lasting 
shaking and ensuing rnechanical action upon tlie resin grains. 


Experiment nr. 2. 

5.000 g of air-dried H-Wofatit K were weighed into five 300 ml 
Erlenmeyer-flasks, and a calculated amount of distilled water and 
3.879 m.e. KOH \\ero added whereafter shaking took place for 
four days. Thereafter 4.109 m.e. 1^114011 and 31.96 m.e. IIGl were 
added. S KOH -h NH 4 OH = 205.0 m.e./l 00 g dry Il-resin, HCl == 
400 % of S m.e. K I* NH 4 . The total volume of the solution was 
120 ml. After shaking for 1, 5, 24, 48, and 96 hours the Solutions 
were filtered and the filtrates analysed in tlie way described above 
regarding the contenls of NH 4 . 


Table 11 . The time necessary for attaining equilibrium of reaction 
between K-H-Wofatit K and 


1 

Time of reaction, hours j 

1 

^ i 

24 

48 

96 

% NH 4 m tho solution j 

69.0 

69.6 

69.6 

69.3 

69.2 


When NH 4 OH and HCl are added, K-ions are exchanged for NH 4 - 
and H-ions. Since KOH was added four days before KH 4 OH and 
HCl, the K-ions shoiild have had time to become evenly distributed 
o ver the surfaces of the resin grain. If this process required a con- 
siderable time, the adsorption of the NH 4 -ion, too, should do the 
same. As will be seen from table 11, ionic exchange must have 
taken place quickly, because the NH 4 -concentration in the solution 
has already become constant after one hour. Thus both experiments 
have yielded identical results with regard to the velocity of the ion 
exchange. 
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Fig. 22. Neutralization curves of H-Wofatit K in water and in 1 N. chloride» 
of Na, K, NH 4 , Ca and Ba. Broken curves = monovalent ions, continuous curves ~ 

bivalent ions. 


F. Neutralization curves. 


Neutralization curves have been made for Il-Wofatit K in water 
and in 1 N. chloride-solutions with Na-, K-, NH4-, Ca-, and Ba- 
hydroxydes. 1.000 g of air-dried H>resin was weighed into long 
pH-tubes and then tbe calculated amounts of water, salt solution, 
and hydroxyde were added. The volume of the solution was 50.0 ml. 
The time of reaction was 48 hours, during which time shaking in 
a Wagner machine took place several times. After sedimentation 
pH was determined by means of the glass-electrode in the clear 
solution. The base binding capacity has been calculated in m.e./ 
100 g of dry H-resin. Figure 22, 

As appears from the neutralization curves, the base-binding 
capacity of the resin up to 180 m.e./lOO g is but slightly dependent 


on the pH of the outside solution. The buffering capacity, , 

dpH 

is Tcry great in this range. This indicates that the acidoid is strongly 
protolysed (sulphonic-acid groups). At higher pH-values, to a 
certain extent, other base-binding groups come into action, •which 
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presumably consist of carboxyl-groups and phenol-groups. At the 
pH-values prevailing in most of the following experiments, how- 
ever, these weaker groups were ineffective. In 1 N. salt solution, 
the curves lie considerably lower and the base-binding capacity is 
notably higher than is the case in water. 

With the aid of the neutralization curves and the amounts of 
sulphur contained in the resin it was possible to calculate to what an 
extent the sulphur forms active sulphonic-acid groups. According 
to the analysis, dry H-Wofatit K contains 7.64 % S corresponding 
to 238.2 m.e. siilphonic-acid groups per 100 g H-resin. If tliis value 
is compared to that which by estimation may be obtained from the 
titration curves, a rather good agreement will be found. Neverthe- 
less, sorne sulphur seems to be bound in another way than as ion- 
exchanging sulphonic acid groups. 

3. The Anion Exchan^^e Resin Wofatit M. 

Wofatit M is an aiiion-exchanging resin produced by I. G. Farben- 
indiistrie A.-G. It is a condensation product of aromatic amines 
with aldehydes, and its functional groups, according to Griessbach 
(1939), consist of aliphatic amino (—NUg) and imino (= NH) groups. 
Wofatit M, like Wofatit K, has the appearance of black, hard and 
glassy grains. 

The resin was sifted through a 2 mm sieve. Since it was Cl-satur- 
ated, the Cl-ions were replaced by OH-ions by leaching with 0.5 
K. The resin was then washed with distilled water, which was 

free from carbon dioxide, until the leaching water had become 
neutral and the reaction for NII 3 had practically disappeared (as 
verified with Nessler^s reagens). It appeared that Wofatit M in an 
OH-saturated State is not completely stable in distilled water but 
that a hydrolysis of amino-groups takes place to a minor extent; 
for this reason, the reaction with regard to NH 3 will not disappear 
completely when the resin is washed. The OH-saturated resin was 
dried at first in the vacuura (by means of water suction) and af ter 
that by sucking a stream of dry air, free from carbon dioxide, through 
the material. By this mothod carbon dioxide was prevented from 
being adsorbed by the ion exchanger, The resin not being air-dry 
it was permanently kept in a stoppered container in order to avoid 
variations of the water contents during the course of the experi¬ 
ments. The contents of dry matter were determined in the same way 
as for Wofatit K. 

A. Contents of N, 

The OH-resin was analysed only with regard to N, table 7. 
If the total nitrogen, 18.3 %, would form ion exchanging groups, 
the acid exchange capacity would amount to not less than 1307 
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m.e./lOO g. However, sucli a high value seems to be rather improb- 
able; for this reason a great part of the nitrogeii must be assumed 
not to belong to ionogen groups. 

B. Soluhility in water, 

If OH-Wofatit M is to be used for anionic exchange, it is of 
interest to know its stability on leaehing with distilled water. 

Experiments as to the stability of Wofatit M have been made 
in the same way as for Wofatit K. 16.00 g Oll-resin were weighed 
into the apparatus rnentioned above. The length of the resin eoluran 
was 14 cm and its diameter 1.3 cm. After some days of soaking 
the resin was leached with 1000 ml of distilled water, free from 
carbon dioxide. The water passed through the resin at the rate 
of 22 ml/minute. The filtrate, which was not alkaline to PP, was 
acidified with H 28 O 4 and evaporated nntil 100 ml were left, and 
then the ammonia was distilled. Calculated per one gram of dry 
resin and 100 ml of the filtrate, 0.00028 m.e. NH 3 had been dis- 
solved by the leaehing. 

The dissolution of ammonia has apparently been very low and, 
with the exception of special cases, must be regarded as being 
without importance. If the value is eompared with the eorresponding 
value of the dissolution of acidic substances from Wofatit K, it 
appears that Wofatit K is more stable than Wofatit M under the 
conditions in question. 

C. Neutralization curves. 

In order to investigate both the strengtli of the basic groups and 
the acid-binding capacity of the resin, neutralization curves with 
HCl and H 2 SO 4 have been made in water and in 1 N. NaCl and 
l^a 2 S 04 . The same methods were applied as for Wofatit K. 1.000 g 
of OH“Wofatit per 25.0 ml solution. The acid-binding capacity has 
been calculated per 100 g dry ()H-resin. Figure 23. 

It appears from figure 23 that Wofatit M is a comparatively 
weak basoid. The anion-exchange capacity is very high but rather 
strongly dependent on the pH of the outside solution. In pure 
water the resin is almost neutral. 

The reaetion between the resin and the acids can be expressed 
by the following formulas: 

E-NH 2 + HCl = E-NH3 • Cl 

KH2 NH3 

R + HjSO, = E SO4 

\ \+ • 

NH* NH3 
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Fig. 23. Neutralization curves of OH-Wofatit M in wator and in 1 N. NaCl and 

NajSO^. 


The stronger adsorption of H 2 SO 4 as compared with HCl must 
be primarily ascribed to tho fact that the former is bivalent while 
the latter is monovalent and to the greater decreaso of the activity 
coefficient, caused by this fact, of the SO^-ion than that of the 
Cl-ion in the concentrated micellar solution. After all, the con- 
ditions are analogous to the fact that, as a rule, a bivalent base 
is more strongly adsorbed than a monovalent one. 

Bhatnagae, Kaptjb and Puei (1936) and Mybes, Eastes and 
Uequhaet (1941) have also noted a greater adsorption of sulphuric 
acid over hydrochloric acid. These conditions aro cxplained by 
Myees (1942) by assuming that the sulphuric acid is adsorbed 
molecularly as a monobasic acid according to the formula: 

X + H 2 SO 4 = X • H 28 O 4 and not 2X + H 28 O 4 == X 2 • H 28 O 4 

In those cases where such an explanation was insufficient, Myees 
assumes that specific factors, such as hydration and molecular 
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size of acid, also are operative. However, it is unnecessary to assume 
such a molecular adsorption, since tbe stronger adsorption of the 
sulphuric acid may be explained as a polar reaetion in the way 
mentioned abo ve as will be more fully explained lat er on. 

A partial neutralization is possible and even probable in such 
cases where the active amino groups are situated so far from each 
other that both the H-ions in the sulphuric acid molccule cannot 
be neutralized. Then the reaetion must be assumed to take place 
aecording to the following formula: 


E-NHg + H2SO4 - K--NH3 • 8O4 • H 


Thus, it depends on the strueture of the exchanger to what an 
extent H28O4 is adsorbed as a monobasic or a dibasic acid. 

The salt has led to a considerable exchange alkalinity and, by 
this, to an inerease of the acid-binding capaeity. While the resin 
in water has a considerably greater power to bind H28O4 than HCl, 
eonditions in 1 N. salt solution are reversed. Thus the pH-value 
in chloride-solution without the addition of acid amounts to 8 . 59 , 
but in sulphate-solution to 8 . 17 , indicating that the Cl-ion at this 
concentration possesses a considerably higher replacing power than 
the 804-ion. 8uch eonditions may appear embarrassing, if con- 
sideration is given to the faet that, at least in the soil colloids, the 
Cl-ion is slightly adsorbed, but the sulphate strongly. The appar- 
ently stränge difference between the relative replacing power of the 
Cl-ion and of the 804-ion in water and in 1 N. salt solution is not 
easily explained; yet a possible eause might be found in an »ab¬ 
normal» variation of the activity coefficients of the anions in question 
when the salt concentration is changed. If the neutralization is 
made in water, the concentration of the Cl- and 804-ion8 in the out- 
side solution is practically zero, and for this reason the activity 
coefficient in the outside solution may be expeeted to approach 1. 
In the inside solution, on the other hand, the activity coefficient 
of the 804-ion is much lower than that of the Cl-ion; this results 
in a greater replacing power of the 804-ion as compared with the 
Cl-ion. When NaCl and Na2804 respectively are added, the ionic 
strength in the outside solution inereases and, as a consequence, 
the activity coefficient of the 804-ion decreases much faster than 
that of the Cl-ion. The activity of the 804-ion then becomes very 
low and as a matter of faet much lower than that of the Cl-ion. 
When no acid is added, the valence effeet is slight, because z in 
the Donnan equilibrium has a low value and the difference z+y—x 
is small. Compare part II and Mattson and Larsson ( 1946 ). Under 
such eonditions a relatively slightly »abnormal» variation of the 
activity coefficients for 8O4 and Cl in the inside solution will be 
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Fig. 24. pH of OH-Wofatit M in O.OOl, 0.01, 0.1 and 1 N. KCl and K 2 SO 4 . 1.00 g 

re8in/25.0 ml solution. 


sufficient to overshadow the valence effect and to make the replacing 
power of the Cl-ion greater than that of the S04-ion. 

From the results considered above the conclusion may be drawn 
that in low concentrations sulphates will cause a greater exchange 
alkalinity than chlorides, but that, with increasing concentration, 
the difference will decrcase, and at high concentration the chlorides 
will finally become more strongly replacing than sulphates. These 
conditions have been studied by adding to one gram of OH-resin 
Solutions of KCl and K2SO4 in various concentrations and determin- 
ing pH after 48 hours. The results appearing from figure 24 are in 
full agreement with the conclusions drawn here. 

It will be seen from figure 23 that the neutrahzation-curves 
in the KaCl- and Na2S04-solutions more and more approach each 
other at pH-values below 6, to intersect at pH 4.75. The explanation 
is presumably to be found; 

1) in the valence effect. With decreasing pH the protolysis degree 
of the resin and the concentration in the micellar solution increase. 
On account of the fact that the concentration in the outside solu¬ 
tion is approximately constant, the difference z +y—x will grow and, 
in consequence, the replacing power of the 804-ion will increase 
more than that of the Cl-ion; 

2) in the fact that at pH-values about 5 the basic properties 
of the 804-ion begin to take effect, which leads to the reaction: 
H+ + 804“ = HSOr. On account of the high sulphate concentration 
and the extremely low H-ion concentration, such a reaction, though 
being relatively very insignificant, may cause a noticeable increase 
of the pH-value in the solution. 
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Aecordin^? to Griessbach (1939), Wofatit M must be regarded 
as a pure anion exchanger. Still, it may be imagined to contain 
slightly acidoid groups of a phenol-character which are protolysed 
oniy at rather high pH-values. In order to investigate these con- 
ditions, neutralization curves in water were made witli KaOH, 
Ca(OH )2 and Ba(011)2. The results are presented in figure 23. 

It appears that Wofatit M at higher pll-values exhibits a rapidly 
incrcasing ability of neutralizing bases as is particularly noticeable 
in connection with Ca- and Ba-hydroxyde. Wofatit M must there- 
fore be characterized as an ampholytoid, the basic as well as aeidie 
groups of which are weak. 


V. The Relationship between the Replacing Power ot 
the H-Ion and the Acidoid Strength and the Position of 
this lon in the Lyotropic Series. 

1. Introduction. 

In part III the replacing power of the more eomrnon alkali and 
alkaline-earth ions on the H-ion has been dealt with. On account 
of the fundamental importance of the H-ion for many processes and 
reactions in the soil, it is of interest to study the adsorption inten- 
sity of the H-ion. When this is compared with the adsorption in- 
tensity of other cations, it will be seen that there is some confusion 
regarding the mutual order and the factors influencing it. Generally 
the H-ion is eonsidered to have greater replacement power than 
most of the other cations, ef. Bobinson (1937), Lyon and Buck- 
MAN (1943) and Millar and Ttjrk (1943). Thus the latter authors 
give the following order of the replacing power: Li<Na<]!?H 4 <K 
< Bb< Mg< Oa< Ba< Sr < II. Investigations by Jenny (1927) 
and ScHACHTSCHABEL (1940) support the conception mentioned, 
the former working with permutite, the latter with muskovite, 
biotite and felspar. A rather weak replacing power of the H-ion 
in montmorillonitic minerals was, however, found by Jenny (1932) 
and SCHACHTSCIIABEL (1940). 

It is obvious that the replacing power of the H-ion varies con- 
siderably according to the nature of the ion exchanging material. 
The H-ion occupies a unique position, so far as it is often adsorbed 
very strongly in spite of its low crystallographic ionic radius. It 
might be expected that the H-ion should be strongly hydrated — 
as a matter of fact, Pallmann (1938) mentions an ionic diameter 
in the hydrated State of 10.8 Å, which value, however, must be 
eonsidered to be too high — and, therefore, to have an activity coeffi- 
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cient which slowly decreases with increasing ionic strength, and, 
for this reason, a low replacing power. Compare, for instance, the 
alkaline ions. The behaviour of the H-ion, which often differs from 
that of other ions, may yet be interpreted theoretically by applying 
modern points of view on the problem and, experimentally, by 
choosing acidoids with widely different strength. 

As mentioned in part II, it may be assumed that the acidoids 
are to be found in two forms, either in a pseudoform with the H- 
atom bound in a homopolar way or in an aciform in which the H- 
atom, being bound in a heteropolar way, is protolysable. The two 
forms are in equilibrium with each other and this equilibrium is 
ruled by the acidoid strength and the H-ion activity of the outside 
solution. 

— + 

pseudoform ^ aciform + IlgO acidoid ion 4 H 3 O 

Only those H-ions which have been set free by protolysation take 
part in tlie ionic equilibrium. The weaker the acidoid, the more the 
equilibrium will be displaced to the left and the lower becomes the 
H-ion activity in the inside solution. This means that a correspond- 
ingly lower H-ion activity in the outside solution is required for 
the maintenance of the equilibrium; the replacing power of the 
H-ion increases in the same proportion. 

In contrast to the acidoids, the saloids may be considered com- 
pletely ionized. With the exception of those ions which are asso- 
ciated all the counter-ions directly take part in the equilibrium, 

The activity coefficient of the H-ion in the inside solution, cal- 
culated for the free H-ions, must be considered rather high. Compare 
figure 3. Calculated for those H-ions which are replaceable at a 
certain pH-value, the activity coefficient, on the other hand, be¬ 
comes highly dependent on the strength of the acidoid and un- 
doubtedly extremely low for weak acidoids. In the outside solution 
/h maintains a higher value than most of the other ions. As a con- 
sequence of the factors mentioned, the repladng power of the H-ions 
heeomes a function of: 

1. the ratio between /h in the outside solution and /h in the 
inside solution in relation to the same ratio of other ions present. 

2. the strength of the acidoids. With decreasing acidoid strength, 
the H-ion becomes able to replace other adsorbed ions and compete 
with them more and more intensely or, in other words, the H-ions 
become more and more difficult to replace by other ions. 

3 . the concentration of the micellar solution in relation to that of 
the outside solution when it is a question of equihbrium between 
heterovalent ions. 

It is evident from what has been said above that, when the re¬ 
placing power of the H-ion is to be studied in comparison with that 
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of other cations under conditions when the H-ion is unaffected by 
the acidoid strength, one must work with an acidoid that is comple- 
tely protolysed in water. The replacement power of the H-ion will^ 
in this case, not be influenced by the acidoid strength but is only 
dependent on such factors as are common for other cations. Under 
these conditions, it ought to be possible to get a conception of the 
position of the H-ion in the lyotropic series. When the hydration 
number is taken as a basis, some information about this question 
may be obtained. It appears from table 2 part II that the hydrated 
H-ion and the Na-ion must be assumed to have about the same vo- 
lume and, therefore, may be considered as similar from the point 
of view of replacement. On the other hand, it is possible to draw 
certain conclusions by comparing the activity coefficients of the H-ion 
and of other ions in the same salt Solutions. It appears from figure 
3 that /h most nearly agrees with /li and in such a way that the 
H-ion will have a somewhat greater replacing power than the Li- 
ion provided that we have to do with an acidoid that is completely 
protolysed in water. 

Eeferring to discussions in part II, one should consequently be 
able to set up, purely theoretically, the following series for the re- 
placement power in an »ideal» acidoid which is completely protolysed 
in water: 

Li< H< Na< K<Mg< Ca< 8 r< Ba< La 

Por incompletely protolysed acidoids the H-ion ought to move 
more to the right, the weaker the acidoid. 

These conditions have been investigated in four ion-exchangers 
of very different acidoid strength. To the NH 4 -saturated exchangers 
certain amounts of different chlorides (even HCl) were added, where- 
after the amount of KH 4 replaced was determined in the equili- 
brium solution. The NH 4 replaced can hereby be taken as a measure 
of the relative replacement power of the cations. 

2. Description of the lon Exchangers Studied. 

Arranged after decreasing acidoid strength the following ex¬ 
changers were used: 

Ä. The resin Wofatit Kj the general properties of which have 
been dealt with in part III. 

B. The permutite was of the same kind as used in part III and 
described there. 

G. Vårdsberg clay from the province of Östergötland. With 
regard to the genesis of the clay, it may be stated that it consists 
mainly of rock material physically weathered during the glacial 
period. 
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Fig. 25. The neutralization curves of electrodialysod Vårdsberg clay in O.l N. 

KCl, CaCl„ and BaCl*. 


The soil was sifted through a 0.2 mm sieve, and then mechanical 
analysis was carried out. In % of dry matter the composition is as 
follows: 28.6 % fine sand, 27.5 % silt, 41.4 % clay and 2.0 % organic 
matter. The soil was electrodialysed in the same way as described 
above. Neutralization curves were made with the aid of the hydro- 
quinone electrode and by using the methods described in part III. 
2.000 g Il-soil in 25.0 ml solution. Figuro 25. 

In spite of the fact that the !NH 4 -ion was used in the investigation 
in question, no neutralization curve w^as made with NH 4 CI because 
NH 4 CI is noticeably hydrolysed at the neutral point. K- and NH 4 - 
ions agree to a great extent with regard to the ion-exchange pro- 
perties; for this reason, the K-curvo could be used for estimating 
the ion exchange capacity at pH 7 in O.l N, chloride solution. 

It appears from the neutralization curves that the cation exchange 
capacity (Ck, Cca and Csa) at pH 7 amounts to 20 , 23 and 24 
m. e./lOO g H-soil respectively. 

D. Ordinary bath sponge, The sponge is the cleaned horn skeleton 
of sea animals belonging to the species Euspongia or Hippospongia. 
The spongeous skeleton which is left after the decay of the soft 
parts consists of albuminoids (scleroproteins). 

A number of sponges which, regarding quality, were as homoge- 
neous as possible, were chosen and cut into small pieces. These 
were then treated with dilute hydrochloric acid until all salts had 
been removed (controlled as to Ca with oxalate) and the sponge ^9^® 
H-saturated. Being freed from chlorides by washing with distilled 
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water the spon^^e was dricd at room-temperature. The base binding 
capacity of the H-saturated sponge was determined by siiccessive 
addition of Na- and Ca-hydroxide, respectively, up to pH 7; the 
values obtained were C^a = 51 and Cca = 57. 

Mattson (1942) has worked with electrodialysed sponge and found 
that it behaves like a weak ampholytoid. 


3. Experimental Methods. 

Appropriate amounts of the H-saturated ion exchanger were 
weighed into Erlenmeyer-flasks. A calculated volunie of distilled 
water, whieli was free from earbon dioxide, was added together with 
a carefully measured amount of NH 4 OII, which was calculated as 
to be neutralized (»ompletely by the aeidoid; pH not above 7. Most 
of the H-ions in the ion exchanger were thus replaced by NH 4 -ions. 
After 24 hours, increasing amounts of the replacing electrolyte 
were added to the fläsks; the amounts were calculated to repre- 
sent a certain percentage of the number m. e. ammonium ions in 
the system. A greater amount of ion exchanger was taken at a 
low concentration of the replacing electrolyte than at a high 
one, but the ratio between solution volume and the weight of ex¬ 
changer was ever kept con stant, so that the total ammonium ion 
concentration, too, remained constant. The fläsks were shaken every 
day for a couple of hours during the experimental period. In the 
fläsks containing bath sponge this was squeezed several times with 
a rubber stopper, attached to a glass rod. After six days’ reaction 
time filtration took place and the ammonia was determined in an 
aliquot part of the filtrate by distillation; ME + MBl being used 
as indicator. Both the ammonia solution and the sodium hydroxide 
used as well as, indirectly, the hydrochloric acid had been adjusted 
against potassium biiodide as standard titre-solution which was 
used even in the following experiments. 

A longer reaction period has been taken for permutite. Permu- 
tite reacts only slowly with bases. Therefore, the ammonium- 
hydroxide was added successively and in small portions, so that 
the pH-value never exceeded 7 to any greater extent. Twelve days 
after the beginning of the saturation the replacing electrolyte was 
added and, after that, shaking took place for 20 days in the same 
way as for the other exchangers. 

The replaced amounts of NH 4 have been calculated in per cent 
of the quantities added (and adsorbed by the ion exchanger). How- 
ever, it has not been possible to correct the values with regard to the 
volume of the micellar solution (yNH 4 <iPNH 4 ), for which reason 
the values must have become somewhat too high. The error is grea¬ 
ter at low than at high replacement and will be greater for slightly 
replacing ions than for strongly replacing ones, the volume of the 



97 


Studies on lonic Exchange 

micellar solution being greater for the former than for the latter. 
On account of the fact that the total solution volume has been made 
great, the calculation error will still be extremely small for the resin 
and the permutite but a little greater for the clay. For the sponge 
the micellar water and such water as might be bound in another 
way, has led to a percentage of replaced NH 4 which is somewhat 
greater than that which is theoretically possible; this applies parti- 
cularly to the lower electrolyte concentration. For the mutual com- 
parison of the ions this error has but little importance also in these 
oases. 


4. Experimental Results. 

A. The resin Wofatit K. 

The H-resin was saturated with NH 4 up to 173.8 m. e./lOO g dry 
H-resin. As replacing electrolytes HCl, KCl, CaClj, and LaClg we^é 
used which were added in amounts of 30, 60, 100, 150, 200, 400, 
800 and 1200 % of rn. e. NH 4 in the system. 62.1 ml solution were 
added per g dry H-resin. The results are shown in figure 26. 

The following conclusions can be drawn with the aid of the figure. 

1 . The replaceinent power of the ions against the ISrH 4 -ion shows 
at all concentration 8 the order: H<K<Ca<La. 

2 . At low concentrations the rise of the replacement curves shows 
the following sequence: monovalent < bivalent < trivalent. 

This relation is in complete agreement with the Donuan-equili- 



Fig. 26. Replacement of NH 4 from NH 4 -r© 8 in on addition of HCl, KCl, CaClj and 
LaCl). The resin saturated with 173.8 m. e./lOO g H-resin. 

7 — 46590 Lantbrukéihögskolans Annaler. Vol. 14 
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brium, according to which at low concentration bivalent ions will be 
better adsorbed than monovalent ones and trivalent ions better than 
bivalent ones. 

3. The symmetry value (== % replaced NH4 at equivalence between 
replacing ion and total NH4 in the system) is for H — 34.9, K = 
48.4, Ca — 70.2 and La — 76.8. 

4, Only La has been able to replace NH4 completely at the highest 
concentration. However, a complete replacement is, theoretically, 
not possible with this method. The cause of the too high value was 
mentioned above. 

In order to study more closely the position of the H-ion in the 
lyotropic series and in order to confirm the inutual order of the re¬ 
placing power of the H-ion, the alkali and alkaline-earth ions and the 
La-ion, which was set up on a purely theoretical basis in the intro- 
duction, the following experiments were made. The Il-resin was 
saturated up to 198.6 m. e./lOO g dry weight. Judging by the neu- 
tralization curves (fig. 22), only the sulphonic-acid groups are then 
neutralized, for which reason the degree of protolysation of the resin 
can be considered as generally unchanged. As replacing electro- 
lytes chlorides of H, Li, Ka, K, Mg, Ca, Sr, Ba, and La were added 
in a concentration of 200 % of the total KH4. The volume of the so- 
lution was chosen in such a way that the total KH4-ooncentration 
was the same as in the preceding experiment. The pH in the equili- 
briuin solution was measured with the glass elec.trode. Huplicates 
were made in all test-groups. The results are given in table 12. 


Table 12. Replacement of NH^ from NH^-resin on addition of cMo~ 
rides of H, Li, Na, K, Mg, Ca, Sr, Ba, and La. The H-resin saturated 
with 198.6 m. e. NHJIOO g dry weight. Gonc. of replacing ion = 200 % 
of m. e. total NH^. 


Roplacing ion 

H 

Li 

Na 

K 

Mg 

Ca 

Sr 

Ba 

La 

Air dried 
resin g 

3 

3 

3 

3 

3 

2 

2 

2 

2 

Added NH, 
m. e. 

4.80 

4.80 

4.80 

4.80 

4.80 

3.20 

3.20 

3.20 

3.20 

Added solu¬ 
tion ml 

171.4 

171.4 

171.4 

171.4 

171.4 

114.3 

114.3 1 

114.3 

114.3 

Replaced 
NH 4 % 

60.7. 

46.6 

öl.h 

67.8 

78.4 

84.7 

84.9 

80.4 

94.0 

Replaced 
NH* % 

61.0 

46.4 

67.7 

67.9 

79.1 

84.7 

85.7 

88.6 

93.3 

pH of equi- 
libr. solution 

1.46 

2.74 

2.71 

2.63 

2.54 

2.45 

2.40 

2.43 

2.80 
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The following results can be gathered from table 12 : 

1 . The replacement power of the ions lies in the following order: 

Li < H < Na < K < Mg < Ca < 8 r < Ba < La. 

The order of replacement as advanced above has been satisfac- 
torily confirmed by these experiments. The insignificant difference 
between the H-ion and the Li-ion is remarkable. It is evident that, 
wiien the acidoid is completely protolysed or its degree of protolysa- 
tion is only slightly changed on addition of a replacing electrolyte, 
the H-ion wdll show a replacing power determined by the same 
factors as are common for other cations. 

2 . The order within every valence-group and between the groups 
is in good agreement with the order which was advanced theoreti- 
cally for an ideal acidoid and which appeared to be valid even for 
the Imnms materials. The mutual difference, however, between the 
more strongly replacing ions cannot become particularly great on 
account of the high adsorption pereentage. 

3. The difference between the most strongly replacing monovalent 
ion, K, and the most weakly replacing bivalent onc, Mg, is very 
great. The explanation of this is i)robably to be found in the fact 
that the concentration of the micellar solution is high and conse- 
quently also the activity ratio of the inside and outside Solutions, which 
favours the adsorption of the bivalent ions compared to that of the 
monovalent ones. It has been previously shown that in inorganic 
exchangers K is usually adsorbed more strongly than Mg. 

4. Just as was the case in the H-saturated organic material in 
part III Sr, here too, has but slightly greater replacement power 
than Ca. 

5. Judging by the pH-value in the solution, besides NH 4 -ions, 
also some Il-ions have been replaced by the cation of the salt addcd. 
It is interesting to note that even the pIT-value in the solution re- 
flects the mutual adsorption tendency of the ions, in so far as the 
pll-value decreases from Li towards La. 

In order to find out to what an extent a higher degree of saturation 
with NH 4 influences the position of the H-ion in relation to the al- 
kaline ions, an experiment was made in which the resin was saturated 
with 248.3 m. e./lOO g dry H-saturated matter. At such a high de¬ 
gree of saturation one may assume that some H-ions which were 
not protolysed at low^er pH-values niight have been replaced by 
NH 4 -ions. In other words, the strength of the acidoid is here likely 
to begin to influence the adsorption tendency of the H-ion in the 
way mentioned above. Therefore, it may be said a priori that the 
replacing power of the H-ion will have increased in comparison 
with that of the other ions and the H-ion will lie nearer the Na-ion 
than was the case in the preceding experiment. 
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Table 13. Beplaeement of NH^ from NH^-resin on addition of HCl, 
LiCl, NaC% and KGl. 248,3 m. e, NHJIOO g dry H-resin, Gonc, of 
replacing ion — 200% of NH^, 


Replacing ion 

H 

Li 

Na 

K 

Air dried resin g .... 

2 

2 

2 

2 

Added NH 4 m. ©. 

4.00 

4.00 

4.00 

4.00 

Added solution ml.. . 

142.0 

142.9 

142.9 

142.9 

Replaced NH 4 % .... 

67.0 

50.7 

61.1 

69.5 


It appears from table 13 that with hij^hor degree of saturation 
with NH 4 the adsorption tendency of the H-ion increased more 
than that of the other ions. The differenee between Na and H is 
smaller but between H and Li it is fjreater than at the lower degree 
of saturation with NH 4 . This is in complete agreement with the 
principles postulated. 

B. Permutite, 

The H-permutite was saturated with 73.19 m. e. NH4/IOO g of 
air-dried H-permutite. The experiment was limited in sueh a way 
that only HCl and KCl were used for the replacement of NH4. Vo- 
lume of solution = 37.5 ml/g permutite. 

From figure 27 may be gathered: 

1 . The H-ion replaces considerably better than the K-ion. The 
opposite was the case in the resin. The results are in close agree- 
ment with the results obtained by Jejsny (1927) with NH 4 -permu- 
tite. 

The differenee between the H- and the K-ion has in the experiment 
probably become somewhat smaller than what it really should 
have been; this is due to the fact that the acid added has solved some 
of the permutite. 

2 . At equivalent concentrations the K- and NH 4 -ions have be¬ 
come equally distributed between the permutite and the solution, 
which means that both ions have the same replacement power on 
the permutite, provided that the reactions are reversible and that 
all the ions are accessible. 

C. Vårdsberg clay. 

To the H-soil NH4OH corresponding to 20.0 m.e./lOO g air dried 
H-soil was added. As replacing ions H, K, Ca, Ba, and La were 
added in the form of chlorides. The volume of the solution was 10.0 
ml/g H-soil. Ba was only used in two concentrations; the points are 
therefore connected by a straight line. 
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Fig. 27. Replacoment of NH 4 from Fig. 29. Replacement of NH 4 from 
NH 4 -pormutito on addition of HCl and NH 4 - 8 ponge on addition of HCl and KCl. 
KCl. 73.2 m. o. NH 4 /IOO g H-permutite. 45.0 m. e. NH 4 /IOO g H^sponge. 







102 


Lainbert Wiklander 


The following appears from figure 28: 

1 . At all concentrations the H-ion replaces best. The curve rises 
quickly up to 80—90 % of replaced NH 4 and after that slowly. 
At such a high degree of saturation with H, only the most acidic 
groups are presumably neutralized; their affinity to the H-ion being 
iow the replacing power of the latter decreases rapidly. Oompare 
the slow rise in the eorresponding curve for the resin and the very 
rapid rise for th(‘ bath sponge, figure 29. 

2 . At low concentrations the K-ion is, in agreement with the 
theory, adsorbed less intensely than the other ions biit at higher 
concentrations more strongly than Ca and Ba. The replacing power 
of the ions lies in the order: 

below 0.04 N.: K < Ca < Ba < La < H 
at 0.12 N.: Ca< Ba< K< La< H 

With regard to the mutual order of the metal cations, Vårdsberg 
clay behaves on the whole as the H-saturated Ancylus clay in the 
investigation on tlie relative pH-reducing power of the cations, cf. 
table 6 . The resulta from Vårdsberg clay point a4 a blockade effect 
or some specific reaction of K in this soil, e.g. by fixation. 


D, Ordinary bath sponge, 

The bath sponge was saturated with 45.0 m. e. NII4/IOO g air 
dried H-sponge. Eeplacing electrolytes were HCl and KCl. 00 inl 
solution on 1 g H-sponge. 

From figure 29 the following can be noted: 

1 . The H-ion is very strongly adsorbed by the bath sponge. 
Practically, there is equivalence between the HCl added and the 
NH 4 replaced. The replacement-value at 30 and 60 % HCl-concen- 
tration lies somewhat above the value which is theoretically possible; 
this might be explained by the fact rnentioned before that no correc- 
tion could be made for the water bound by the sponge. The error 
decreases obviously with increasing concentration as was to be ex- 
pected. 

2 . The K-curve has a normal shape. When the degree of the 
NH 4 -replacement on addition of 200 % KCl to resin, permutite 
and sponge is compared, it appears that the K-ion has replaced 
practically the same amount NH 4 in spite of the very different 
character of the ion exchangers. In Vårdsberg clay the K-ion has 
liberated more KH 4 than in the other exchangers, which is in harmony 
with the high relative adsorption intensity of K in this soil as estab- 
lished above. 
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5. Conclusions. 

The experiments have shown that the replacing power of the 
H-ions is intimately dependent on the acidoid strength. Thus, for 
a completely protolysed acidoid of the type of the snlphonic resin 
the adsorption tendency of the H-ion is determined hy the same 
factors as determine the adsorption of other cations. For the power 
of the ions studied to replace NH 4 -ions from the resin Wofatit K 
the following order was found: 

Li < H < Na < K < Mg < Ca < 8r < Ba < La. 

Concerning the metal cations this result agrees with the series, 
set up before for an »ideal» acidoid, whieh was obtained: 

1 . by considering the changes of the aetivity coefficients of the 
ions with the ionie strength and 

2 . by applying the Donnan equilibrium to the ionie exchange. 

The relative position of H in the series supports the theory of 
whieh factors determine the replacing power of the H-ion. The 
weaker the acidoid becomes, the more the replacing potoer oj the HAon 
increasen, and the greater it shifts to the right in the above-mentioned 
series, This is due to the fact that a continuously decreasing frac- 
tion of the total number of protolysable ll-ions takes part in the 
equilibrium. 

If the acidoid contains both strong and weak acidic groups, the 
replacing power of the H-ion, analogously, beeornes a function of 
the degree of base-saturation in such a way that the adsorption 
intensity of the H-ion increases more rapidly with the degree of 
base saturation than that of other ions. 

When the H-ion is compared with the K-ion in the four ion-ex- 
changers investigated, it appears that the replacing power of the 
Il-ion increases in the order: 

Wofatit K < permutite < Vårdsberg clay < bath sponge. 

Consequently, the acidoid strength must be assumed to decrease 
from the left to the right. 

It appears from what was said above that, when exchangers of 
different strength are mixed, or when one ion exchanger has acidoid 
groups of different strength and irregular distribution, the distribu¬ 
tion of the cations adsorbed will vary within the ion exchanging 
material in accordance with the degree of base-saturation. On a 
high degree of saturation, high pH, the ions may be approximately 
evenly distributed but, the more the pH-value decreases, the more 
irregular becomes the distribution and the less homogeneous the 
micellar solution. This is, for instance, the case with soil where 
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the acidoid strength varies with the character of the clay mineral 
and the humus material. 

In analogy with this, Schachtschabel (1942) experimentally 
showed that, when the degree of Ca-saturation at pH 7 was denoted 
as 100, the corresponding value at pH 5 was for kaolin 91, for mont- 
morillonite 90, for humic aeid 75, and for mica 11. Mi ca is theweakest 
acidoid and its degree of base saturation declines most rapidly with 
a decrease in pH. For this reason, mica is able to bind but small 
amounts of calcium ions at low pH-values. 


VI. Amphoteric Reactions of an Aluminium 
Phosphate Complex. 

1. Theoretical Considerations. 

In a previous paper by Mattson and Wiklander (1940) the 
amphoteric reactions of H- and OH-saturated soil colloids have 
been studied from a purely qualitative point of view, the Donnan 
equilibrium being used as a basis. Theoretically calculated curves 
were constructed and these were verified by experimental results 
obtained by way of determining the exehange acidity and exchange 
alkalinity on addition of neutral salts. In that paper, however, no 
analysis was made as to the effect exerted by cations with different 
replacing power on the shape of the exchange-alkalinity-curve and 
the position of the maximum point of that curve. 

If a neutral salt of the type MgA is added In increasing concentra- 
tion to a H- and OH-saturated ampholytoid with equally active 
basoid and acidoid parts, an ion exchange takes place; the cations 
of the salt replace H-ions and the anions of the salt replace OH-ions. 
The pH obtained in the outside solution is determined by: 

1 . the relative replacing power of the cations and anions, 

2 . the concentration of the salt, 

3. the concentration of the micellar solution, ä?, 

4. the concentration of the colloid, although to a lesser extent 
(Mattson and Wiklander 1940) and 

5. the structure of the colloid in the way dealt with in part III. 

From the discussion of the Donnan equilibrium, it appeared that, 
when the outside solution is diluted, the ratio between the concentra¬ 
tion of the bivalent and the monovalent ions within the micelle is 
changed in favour of the former. If the solution is concentrated 
the opposite conditions will prevail. This valence effect is most per- 
ceptible at low outside concentrations, i. e. at high ratio between 
inside and outside concentrations. It follows from this that, at high 
dilution, more anions, A^~, are adsorbed than cations, M+, causing a 
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greater replacement of OH-ions than of H-ions. With increasing 
salt concentration, however, the relative adsorption of anions de- 
creases while, at the same time, it increases for cations. The va- 
lence effect tends to disappear at high concentrations and the ca¬ 
tions and anions to be equally strongly replacing. Therefore, if a 
sufficierit number of small concentration intervals is chosen, a 
maximum of the exchange alkalinity will be attained. 

If K 28 O 4 is added, the reaction takes the following cx)urse: When 
the salt concentration is low, the replacing power of the sulphate 
ion surpasses that of the potassium ion. More OH- than H-ions 
migrate out into the solution and the pH-value rises resulting in 
exchange alkalinity. At very low concentration the exchange al¬ 
kalinity is small, but with increasing concentration the difference 
OHrepiaced — Hrepiaced grows towards a maximum and then de- 
creases. If the active acidoid part is greater than the basoid part, 
the difference mentioned may become negative resulting in exchange 
acidity. The position of the maximum and the shape of the curve 
as a whole are determined by the adsorption-tendency of the K- 
and the S 04 -ions. 

If different alkali sulphates are added, the cations of whieh have 
differently strong replacing power while their anions are of the same 
kind, the course of the curve will not be the same for the various 
salts. A consideration of the conditions prevailing shows that the 
maximum point is displaced towards a higher salt concentration, 
if the replacing power of the cations decreases. Therefore, in case 
the three salts Li 2 S 04 , Na 2 SC )4 and K 28 O 4 are chosen, the maximum 
point will be displaced towards a higher concentration in the order: 

K<Na<Li. 

The weaker the adsorption tendency of the cation, the higher the 
concentration of the salt must be, if the replacement of H is to 
balance the replacement of OH. 

The fact that the activity of sulphate ions in the outside solution 
increases much more slowly with growing concentration than that 
of the monovalent ions is an additional reason for the formation 
of a clearly marked maximum of the exchange alkalinity. According 
to Hass and Jellinek (1932), /so, in O.Ol N. K 28 O 4 solution 
amounts to only 0.66, while /k on the other hand amounts to 0.93. 

The conclusions drawn above which have been arrived at by 
theoretical considerations, shall be verified in the following by way 
of experiments with a synthetic ampholytoid. 

2. Experimental Results. 

As an amphoteric ion exchanger the electrodialysed aluminium 
phosphate, Al,O, • (P,0,)o.» • (H, 0 ) 4 .«, described in part III, has 
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Kig. 30. pH in the suspension of electrodialysed aluminium phosphate on addition 
of Li 2 S 04 , NaaSO^ and K 2 SO 4 . 1.00 g phosphate in 10.0 ral solution. 


been used. Owing to its low contents of phosphoric acid it might 
be expected that its basoid properties would be comparatively strong 
and that, for this reason, the phosphate would be suitable for am- 
photeric studies. 

1.00 g phosphate was weighed into pH-tubes and 10.0 ml salt 
Solutions of Li 2804 , Na 2804 and K 2 SO 4 in concentrations ranging 
from 0.001 to 1.0 N. were ad ded. After shaking as in the case of the 
concentration-series in part III, pH was determined in the suspen¬ 
sion with the aid of the quinhydrone electrode. The results are 
presented in figure 30. 

The following appears from figure 30: 

1 . The aluminium phosphate gives a considerable exchange al- 
kalinity. Only in the K 28 O 4 solution at the highest concentration 
the phosphate yields exchange acidity. 

2 . The exchange alkalinity increases in the order: K<Na<Li. 
This is in accordance with the fact that the H-ion replacing power 
of these ions decreases in the same order. 
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3. The niaximum point is displaced towards a higher concentra- 
tion in the sequence: K<]!ira<Li, which is in agreement with the 
theory. It is evident that the lower the replacing power of the 
eation, the higher the concentration of the salt must be, if the in- 
erease of H-replaeement is to surpass the inerease of OH-replace- 
ment. 


VII. The Effect of Dilution on Exchange Equilibria. 

1. Iniroduction. 

Fundamentally different opinions as to the effect exerted on the 
ion exchange equilibrium by dilution with water have been advanced 
by the research workers, ef. VViegner (1912), Gans (1913), Korn- 
FELD (1917), liOTiiMUND and Kornfeld (1918), Jenny (1927), 
WiEGNER and Muller (1929), and Weisz (1932), who all have worked 
with perrnutite. Some of the aiithors, above all Eothmund and 
Kornfeld, asserted that, in comparison with monovalent ions, 
bivalent ions are adsorbed the better the inore the system is diluted. 
On the contrary, Weisz and otliers maintained that this conception 
is erroneous and that the equilibrium is unchanged by addition of 
water. Also the experimental results obtained by the investigators 
were not in agreement with eaeh other and no definite conclusions 
as to the relation existing between the equilibrium and the dilu¬ 
tion can therefore be drawn from the data given by the different 
authors. Compare the historical survey in part II. 

As shown before, a discussion of the Donnan equilibrium leads to 
the conclusion that an intimate interrelation must be presumed to 
exist between the exchange equilibrium for heterovalent ions and 
the ratio between the activity in the inside and outside Solutions 
or, in other words, with the dilution of the outside solution. 
The considerations showed that, on dilution, the adsorption of 
an ion of high valence is favoured at the expense of an ion of low 
valence. Also the formulas, advanced by Kerr (1928 a and b), 
Vanselow (1932), and Gapon (1933) and tested experimentally by 
Magistad, Fireman, and Mabry (1944), allow similar inferences. 
But, while these formulas lead to the conclusion that the equili¬ 
brium between homovalent ions is not influenced by dilution, it is 
possible to conclude from the Donnan equilibrium that such a con- 
dition is only given if the activity eoefficients of the ions taking part 
in the equilibrium show identical variations when the concentration 
is changed. For homovalent ions the dilution must consequently 
be supposed to cause a displacement of the equilibrium in favour 
of the ion possessing the lower /-value in the inside solution. 
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These facts are evident if the Donnan equilibrium is written in 
the following way, taking K and Na as an example: 

Mk _ /gp * hn ^ [K]o^ 

/Nao*/Ki [Na]o 

where Mk and JfNa signify the adsorbed amounts of K and Na 
in m. e. and o and i outside and inside solution respectively. If 
the ratio between the eoncentrations in the outside solution is 
constant, it appears from the formula that a dilution will influence 
the ratio of the adsorbed ions only in case that the /-values vary 
in a different way. At high dilution the activity coefficients in 
the outside solution may be put equal and the formula then makes 
it possible to eompute the ratio of the /-values for the adsorbed 
ions; if the micellar solution is not homogeneous, a mean value 
is obtained. On dilution the /i-values vary only slightly. 

The equilibrium between a monovalent and a bivalent ion, e. g. 
K and Oa, may be formulated, if the inside concentration is put 
equal to M:v^ by an analogous expression: 

_/Ko-/ra,-^* [KJ^ 

K [Ca]/ 

where v expresses volume of the micellar solution which is sup- 
posed to be the same for all adsorbed ions. As appears from the 
formula, the distribution of monovalent and bivalent ions is in 
addition to concentration and activity coefficients also affected by 
the volume of the micellar solution. With growing v value, i. e. 
decreasing micellar concentration, the adsorption tendency of the 
monovalent ion increases in relation to that of the bivalent ion. 

The fact that the adsorption of bivalent ions in montmorillonite 
is favoured by dilution, is interpreted by Schachtschabel (1940) 
as being a consequence of the more rapid increase of the activity 
coefficient of the bivalent ion at dilution as compared with that of 
the monovalent ion. As will be shown in my own experiments, this 
assurnption is not sufficient to explain the strong displacement of the 
equilibrium which was caused by dilution. The valence effect must 
be considered as being the dominating factor, cf. the formula above. 

The effects of dilution have been studied by Mattson (1942) 
in an ordinary bath sponge and by Wiklandee (1945) in a resin 
acidoid. Mattson and Larsson (1946) examined the valence effect 
in relation to the micellar ion concentration and the base saturation 
in kaolin, laterite and bentonite. In contrast to certain of the in- 
vestigations mentioned above, all these later investigations unanim- 
ously proved that the ion exchange equilibrium between heterovalent 
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ions is influenced by the relation between the concentrations of the 
inside and outside Solutions. 

If it is a question of experimentally verifying the inferences de- 
duced from the Donnan equilibrium, it seems to be suitable to use 
such strong acidoids as, from the point of view of ion exchange, 
behave as »ideal» exchangers. In such an acidoid the degree of pro- 
tolysation is independent of the dilution, which is not the case in 
a weak acidoid; moreover there occur no »abnormities», e. g. ion 
blockade, or specificities which are common in many other ion 
exchangers and which may lead to deviations. Therefore, in the 
experiments carried out here the resin acidoid Wofatit K has been 
used as eation exchanger. In the aforesaid paper (Wiklander 
1945) a prelirninary report was given of some of the results. Experi¬ 
ments have also been carried out with the resin basoid, Wofatit M. 


2. Experimental Results. 

Three essentially different methods have been applied for studying 
the dilution effeet. 

A. Alkalimetric determination of the exchange acidity after addition 
of a neutral salt to the H^saturated resin. 

a. H-resin H ehlorides of Lij Na, K, Mg, Ca, and Ba. 3.000 g 
of air-dried H-resin (=2.25 g of dry matter) were weighed into 
Erlenmeyer fläsks, whereafter 5.00 m. e. of Li-, Na-, K-, Mg-, Ca- 
or Ba-chloride, dissol ved in distilled COg-free water, were added. 
The volumes of the Solutions added amounted to 80, 400 and 2000 
ml respectively. The fläsks were shaken partly by hand from time 
to time and partly in the shaking machine. After seven days the 
resin was allowed to settle, and an aliquot part of the clear solution 
was titrated, MR -+■ MBl being used as indicator. The exchange 
acidity thus found was caleulated in per cent of the salt added, i. e. 
of 5 m. e. In the caleulations corrections have been made for the 
volume of the inside solution. 

Determination of the volume of the micellar solution. There is no 
exaet method for this determination. By regarding the inside solution 
as a »saltfree» water film and by determining the negative adsorp- 
tion of anions Samuelson (1944) has been able to compute the vo¬ 
lume of the micellar solution, but this method, too, is not indispu- 
table. 

An approximate value of the volume of the micellar solution has 
been obtained by a method which presupposes that a higher under- 
pressure is required during the filtration for removing the inside 
solution than for removing the outside solution. The outside solution 
not being bound by the suspended particles it may be sucked away 
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by but a slight under-pressure. When the whole outside solution has 
been sucked away, the under-pressure must increase rapidly — a 
certain pressure-limit is obtained — if the micellar solution is to be 
separated, because this is tied to the micelle by osinotic forces. If 
an under-pressure lying somewhat under this limit is applied, the 
experimentally found volume of the micellar solution is only slightly 
influenced by minor variations of the under-pressure. The experi¬ 
ments were carried out in the following way. 

After titration of the outside solution an appropriate quantity 
of the resin was transferred to a porcelain filtering-crucible (A 2 ) 
with ground bottom whereafter the equilibrium solution was sucked 
away. The filtering flask was attached to a filter pump; the under- 
pressure was kept constant and amounted to 145 mm Hg which 
value by repeated trials was found to be suitable. After the solution 
had been sueked away, the crucible was rapidly weighed. With the 
experimental inethod applied practically the same weight was ob¬ 
tained for the crucible containing the moist resin when the measure- 
ment was repeated, though the under-pressure and the sueking time 
varied a little. The weight of the empty crucible in a wet State was 
determined as the mean of six weighings under the same (»onditions 
as for the rest of the determinations. After the determination of the 
weight of the crucible containing the wet resin, this was quantitatively 
transferred into weighing bottles and dried, at first at 40-50'^ C 
and then in vacuum above P 2 O 5 at room temperature. The volume 
of the micellar solution was calculated in ml/g of dry resin, the den- 
sity of the water being assumed to be 1 . On account of the approxi- 
mative nature of the method and of the fact that the determinations 
gave but slight variations in the volume of the micellar solution at 
different concentrations, a mean value is given for every ion. 

As the mean from three determinations, one for each concentra- 
tion, the following values were obtained: 

Li-, Na-, K-, Mg-, Ca-, Ba-reain 

micellar solution 

ml/g dry resin 0.78 0,80 0.70 0.72 0.67 0.62 

As is to be expected and was experimentally shown by Samuelson 
(1944), the volume of the micellar solution depends partly on the 
concentration of the outside solution and partly on the nature of 
the counter-ion. The comparatively small differences observed in the 
experiments in question between the volumes of the micellar solu¬ 
tion in the different determinations are presumably due to the fact 
that the counter-ion-swarm consisted of both H-ions and other ca- 
tions. The quantitative ratio between these has changed and, there- 
fore, the results cannot be compared directly with the values that 
would have been obtained if the resin had been saturated with only 
one type of ions. 
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Table 14. The effect of dilution on the exchange acidity of H-resin 
produced by different chlorides. 5.00 m. e. salt and 3.00 g air dried resin. 


Added salt 

LiCl 

NaCl 


KCl 


Solution volume, ml 

80 

400 

2 000 

80 

400 

2 000 

80 

400 

2 000 

Replaced H in m. ev 

2.41 

2.41 

2.376 

2.814 

2.833 

2.760 

3.17 

3.18 

3.13 

Replaoed H in % of 
m. e. added cation 

48.1 

48.2 

47.5 

56.3 

56.6 

55.4 

63.4 

63.6 

62.6 

Added salt 


MgCl 



CaCl^ 


BaCl, 

Solution volume, rnl 

80 

i 400 

j 2 000 

80 

1 400 

2 000 

80 

400 

2 000 

Replaced H in m. o. 

3.88 

i 4.25 

4.46 

4.08 

' 4.38 

4.60 

4 27 

4.55 

4.71 

Replaced H in % of 
m. e. added cation 

77 7 

j 85.0 

i j 

j 89.3 1 

81.5 

i i 

92.1 

85.4 

90.0 

94.2 


The exchange capacity and the volume of the micellar solution 
being known, its eon(‘entration can be computed. It follows from 
the neutralization curves that the exchange capacity of the sul- 
phonic-acid-groups probably lies at about 200 m. e./lOO g, which 
means that the concentration of the micellar solution under the 
conditions prevailing here amounts to about 2.5—3 N. 

The results obtained from the experiment on the effect of dilu¬ 
tion are recorded in table 14. 

As appears from table 14, the exchange acidity and, with it, the 
equilibrium between the H-ion and the added monovalcnt cation 
havo been practically uninfluenced by the 25-fold dilution. When, 
on the other hand, bivalent cations were added, the exchange aci¬ 
dity increased with the dilution thus indicating that the adsorption 
of the bivalent cation increased in the same direction. However, 
no great displacement of the equilibrium may be expected, since the 
absolute replacement values of the bivalent ions lie comparatively 

The experiment also reveals the relative H-ion replacing power 
of the cations in Wofatit K. For a strong acidoid of the type of 
the resin this capacity could not be determined with the aid of the 
methods applied in part III, because the pH-value of the H-resin 
in water already was rather low. At the three salt concentrations 
applied here, 0.0625, 0.0125 and 0.0025 N., the H-ion replacing power 
lies in the order: 

Li<Na<K<Mg<Ca<Ba. 

The order is the same as that found for the organic materials in- 
vestigated and which may be considered valid for an ideal acidoid. 
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Table 15. Exchange acidity on addition of LiCl, NaCl and KGl io 
H-resin calculated in m. e^jg dry matter. Hu, S^a ct>nd Hk denote 
the H replaced hy Li, Na and K resp. 


Added 

salt 

Conc. 

of added salt solution N. 

4 

1 

0.1 

O.Ol 

LiCl 

1.75 

1.76 

1.25 

0.40 

NaCl 

1.83 

1.81 

1.43 

0.46 

KCl 

1.90 

1.88 

1.57 

0.49 


1.04 

1.03 

1.14 

1.15 


1.08 

1.07 

1.25 

1.23 


The marked difference between the rnonovalent and bivalent ions 
should be noticed. 

b. H-resin + chlorides of Li, Na and K. Tn the preceding ex¬ 
periment the salt concentrations were throughout low and no dis- 
placement of the equilibrium between H, Li, Na and K could be 
established. Theoretically, however, a displacement of the equili- 
brium must be expected if the concentration is not too low, since 
the /-value for these ions varies in rather different ways when tlie 
concentration changes; compare fig. 3. The above investigations 
have therefore been supplemented by experiments in which the 
highest concentration was 4 N. The experiments were carried out 
in the way described above except that the volume of the added 
salt solution was 100 ml everywhere. The exchange acidity and the 
ratio between the hy drogen ions replaced by Na and Li and by K and 
Li resp. have been computed. The results are recorded in table 15. 

As appears from table 15, the exchange acidity grows in the order: 
Li< Na< K. As was to be expected the relative difference decreases 
with increasing salt concentration. This is most obvious from the 
calculated ratios. The replacing power of Li in relation to that of 
Na and K showed some increase from the concentrations 0.01 and 
0.1 N. to 1 and 4 N., which is in agreement with the fact that, after 
having passed a minimum at about 0.15 N., fu grows rapidly. Most 
probably the quotient at the highest concentration would have been 
still lower if not at the concentrations in question /h grew faster in 
LiCl than in NaCl and KCl thus counteracting to a certain extent 
the effect mentioned; compare fig. 3. 

B. Addition of a certain amount of replacing eUctrolyte to the resin 
saturated with ions of different valence. 

a. Equilibrium in the system NH^-Ca-resin + HCl. Ca-resin cor- 
responding to 12.00 m. e. Ca together with a calculated amount of 
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Table 16. Replacement of NH^ and Ca on addition of HCl to NH^-Ca- 
resin at increasing dilution. In the systems: 12.47 g dry H-resin^ 
12.00 m. €. 12.00 m. e. Ca and 28.59 m. e. HCl. 


Solution volume, ml 

80 

80 

400 

2000 

NH 4 repl. "0 added NH 4 . 1 

60.0 

49.9 

52.7 

64.9 

NH. » » » Srepl. NH,4Ca 

1 Ca repl. of added Ca. 

64.1 

G4.1 

85.4 

96.3 

28.0 i 

28.0 

8.99 

2.11 

1 Ca » » »> 2 repl. NH 4 -}- Ca ; 

35.9 

36.9 

14.6 

3.70 

, Repl. NH 4 : 

1 Repl. Ca 

1.79 j 

i 

1.78 

5.86 

i 

26.0 


H-resin were Aveighed iiito Erlenmeyer fläsks, whereafter distilled 
water and 12.00 ni. e. NH 3 were added. IS Ca + NH 4 = 192.6 
m. e./lOO g of dry Il-resin. After 1 day 28.69 m. e. HCl were added 
and so inueh water that the total volumes of liquid added amounted 
to 80, 400 and 2000 ml respectively. Consequently, the dilution of 
the systems, whieh in other respeets were like, was in the ratio of 
1 : 5 : 25. After another 7 days’ shaking in the way deseribed above, 
the resin was allowed to settle, whereafter the clear solution was 
(‘arefully dec^anted. In the solution Ca was determined by preeipi- 
tation as oxalate and titration with jAermanganate, and NH 4 by 
distillation. The experimental results appear in table 16. 

As appears from table 16, the equilibrium between NH 4 and Ca 
has been strongly displaced with increasing dilution. Thus at the 
25-fold dilution the ratio between the replaced amounts of NH 4 
and Ca has grown from 1.79 to 26.00. Consequently, when compared 
with NH 4 , Ca becomes more and more difficult to replace by mono- 
valent eations the more the outside solution is diluted; this is in 
complete agreeinent with the Donnan equilibrium. 


b. Equilibrium in the system Cl-SO^-rcsin NaOH. An appropriate 
amount of OH-resin was weighed into three Erlenmeyer fläsks and 
(Da-free distilled water was added. Thereafter the resin was neu- 
tralized with 8.00 rn. e. HCl and 8.00 m. e. H 2 SO 4 . S Cl + SO 4 — 
167.6 m. e./lOO g dry matter. After 1 day 9.6 m. e. NaOH, corres- 
ponding to 60 % of S Cl + SO 4 , were added and the systems di¬ 
luted with water as in the preceding experiment. Shaking, time of 
reaction, and decantation were also the same. In the clear cqui- 
librium-solution, the pH of which was about 7, Cl was determined 
by precipitation with AgNOg and drying and w«ghmg as g , 
SOg was precipitated as BaSOg, all according to Hillbbeand and 
Lundell (1929). 

The experimental results are presented in table 17. 

8 — 46690 Lantbrukéhögskolans Annaler. Vol. 14 
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Table 17. Eeplacement of Cl and ÄO 4 on addition of NaOH to Cl- 
t^O^-resin at inereasing dilution. In the systems: 9,å4 g dry OH-resin, 
8.00 m, e. (U, 8.00 m, e. 80^, 9.60 m. e. NaOH. 


Solution volurne, ml 

80 

4()0 

2000 

01 repl. % of added 01 . 

60.3 

74.7 

85.0 

Cl » » » S repl. Cl + SO 4 . 

50.5 

61.2 

69 2 

SO 4 repl. % of added SO 4 . i 

1 59.1 1 

47 5 

37.8 

SO 4 » » » repl. 01 ^ SO 4 .... 

1 49.5 

38.8 

30.8 

Repl. 01 1 

1 02 i 

1,57 

2.25 

Repl. »(>4 j 

i 1 

' i 


! 


As appears from table 17, the added Oll-ioiis ha ve replaeed about 
equal amounts of 01 and 8 O 4 at the lowest dilution but 2.25 times 
as mueh 01 as SO 4 at the highest dilution. The equilibriurn lias thus 
been displaeed in the direetion demanded by the tlieory. Tn spite 
of the fact that the displacement of the equilibriurn has not been 
as great as for the eorresponding displaeement in the NH 4 - 0 a system, 
it is still striking enough. 

At the lowest dilution, the normality in the outside solution 
amounts to 0.12 and at the highest dilution to 0.005. Aeeording 
to Hass and Jellinek (1932), the activity eoefficients of the Ol¬ 
and S 04 -ions in 0.1 M, solution of ^aOl and ^a 2 S 04 amount to 0.74 
and 0.18 respectively and in 0.005 M. to 0.92 and 0.55 respeetively. 
On account of the relatively stronger increase of /so^ than fc\ 
on dilution, one might have expected that this, together with the 
valence effeet, would have caused a stronger displacement of the 
equilibriurn than has been the case. At present, it is impossible to 
ascertain the cause of the low dilution effeet. The explanation may 
yet be found in the fact that, to a certain extent, the sulphuric 
acid has been adsorbed as a monovalent acid, bec.ause some of the 
aetive amino groups are sitting too thinly or are too weak to allow a 
neutralization of both hydrogen ions in the molecule. A certain 
fraction of the acid then forms monovalent ions (HS(); )in theion 
swarm whereby the dilution effeet is reduced to a eorresponding degree. 

Tt appears from the results of the analyses that the added OH-ions 
have been used up completely in the replacement of the Cl- and SO 4 - 
ions. This indicates that this resin possesses but weakly basic pro- 
perties, as is also proved by the neutralization curves in part IV. 

C. Leaching of H-resin with Solutions of neutral salts of varying 
concentration and determination of adsorbed ions after the accomp^ 
lishment of the equilibriurn. 

As neutral salts the systems NH4CI—KCI and NH 4 Cl~~(;aCl 2 have 
been used. By adding NH 3 the Solutions have been made neutral. 
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a. System NE^Cl^ KCL The experiment was arranged in tlie 
following way. Into five funneis 6 g air dried H-resin were weighed 
and leaohed with a neutral solution which was 1 N. with regard 
to both NH4CI and KOI, until about 80 % of the total amount of 
replaceable H-ions had been replaced. The saturation was then 
(‘ontinued by treatment with Solutions of KH4CI and KOI, in the 
concentrations 1 , 0 . 1 , 0 . 01 , O.OOl, and 0.0001 N. with regard to 
both the NH4- and the K-ion. The resin was therefore transferred 
into fläsks, a certain volume of solution was added, whereafter 
shaking took plaee for a few hours, the solution was deeanted, 
iiew solution was added, and so on. This proeedure was oontinued 
until the exchange acidity, tested by methyl orange (MO), had 
become zero. Leaching took plaee with a total of 70 liters of the 
0.0001 N. solution, every portion eonsisting of 5 liters. The total 
tirne of treatment <*overed 10 days. The resin was transferred 
into filtering funneis, the equilibrium solution was sueked away 
(*arefully, whereafter the resin was washed free from eJiloride with 
(Xlg-free distilled water. 

NII4- and K-ions were replaeed by hydroehlorie aeid. The filtrate 
was analysed as to ammonium by distillation and as to potassium 
by preeipitation with IICIO4, drying and weighing as KCIO4 aecord- 
ing to WiJKSTRÖM ( 1985 ). After the replaeement the resin was washed 
with distilled water and the dry matter was determined by drying 
in vaeuum above phosphorus pentoxide. The results are to be 
found in table 18 and fig. 31 . 

h, System NH^Cl + CaCl2- The system KH4-Ca-re8in was treated 
prineipally in the same way as was deseribed for NH4-K with the 
exeeption of the first leaching. Five portions of 4 , 4 , 5 , 6, and 7 g 
respeetively were saturated with Solutions of KH4(3 and Ca0l2 
which were 1, 0.1, 0.01, 0.001, and 0.0001 N. as to both NH4 and 
Ca. A preliminary leaching was earried out in the funneis with 
NH4-Ca-chloride-solution, which for funnel 1 was 1 N. as to NH4 
and Ca, while in the remaining funneis the C.a-concentration was 
inereased and the NH4-concentration was decreased, so that for 
funnel 5 the composition was 0.4 N. for NH4 and 1.6 N. for Ca. 
. 4 fter about 80 % of the H-ions had been replaced, leaching was 
earried out with the final Solutions mentioned above. By such a 
proeedure, the equilibrium was attained more rapidly in the most 
dilute Solutions. 

The faet that the NH4-Ca-resin is washed with water, the equili¬ 
brium solution being sueked away, must be supposed to result in 
a displacement of the exchange equilibrium in the more coneentrated 
systems. By such a treatment the outside solution is rapidly diluted 
and the concentration of free salts in the inside solution progressively 
decreases towards zero. This leads to the result that the adsorption 
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Table 18 . The adsorjdion of and Ca-iom hy H-resin on 

leaching with equinormal Solutions of NH^CUKCl and NH^ChCaCl^ 
resp, in the eoncentrations given below. Adsorhed NH^ f K and 
NH^ + Ca resp. = 100 %. 
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Fig. 31. Tho adsorption of K, NH 4 and Ca from the systems NH 4 C 1 -KC 1 and 
NH 4 Cl-rari 2 of N, oono. ratios 1:1. Adsorbed NH 4 t K and NH 4 f Ca resp. 
100 Dotted furves refer to method 1. Cf. table 18. 


As api)ears from table 18 and figure 31 the relative adsorption 
of NH4 and K has not been influeneed by the dilution in spite of 
the fact that the concentration of the outside solution has been 
deercased 10 000 times. The equilibrium NH4~Ca, on the other 
hand, has been strongly displaced in favour of Oa by the dilution; 
this effect is in agreement with conclusions based on the Donnan 
equilibrium and the activity eoncept; (‘f. the simple calculations in 
part II: 10. Whereas in the 1 N. IjfH4Cl—CaClg solution the adsorbed 
ions consisted of 42.0 % NH4 and 58.0 % Ca, the corresponding va- 
liies in the 0.0001 N. solution were 1.1 % NH4 and 98.9% Ca. 

A displacement of the equilibrium of this magnitude cannot be 
explained exclusively as a consequence of the fact that on dilution 
the activity coefficient of the Ca-ion in the outside solution grows fas¬ 
ter than that of the NH4-ion, which according to Schachtschabel’s 
(1940) opinion was the explanation of the dilution effect in mont- 
morillonite. On the other hand, the valence effect which rapidly 
grows with increasing dilution can, in connection with the pheno- 
menon just mentioned, be considered as completely responsible for 
the strong dilution effect observed at equilibrium between !NH4 
and Ca. - 

As it was predicted, the washing with water led to a considerable 
displacement of the exchange equilibrium. This was especially the 
case in 1 N., but also in 0. l N. the change was considerable. In 
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a^reemeiit with the Iheory the »washing effeot» diminished with 
fallin^? (‘oneentration. Thus in 0.01 JSI. it becanie inai^jnificant. The 
resulta stron^ly support the coneeption of the exehange equilibria 
as ruled by the formula of Donnan. 

As appears from table 18 the amount of K- and NH4~ions ad- 
sorbed by the resin decreased considerably with the eoneentration 
of the outside solution. The sum of the Ca- and NH4-ions adsorbed, 
on the contrary, increased somewhat with the eoneentration down 
to 0.001 N. but deereased then. This development is probably due 
to the faet that the ^jreater adsorplion tendeney of Ca as compared 
with that of NH4 is more effeetive at low than at hijy^h eoneentration 
but, as soon as this has ^one down to 0.0001 N., this tendeney is not 
suffieient to counteraet the effeet of the low eoneentration, sin(*e 
the ll-ion begins to interfere, leading to a maximum of adsorbed 
NH4 + Ca. 

In eoneentrations smaller than 0.01 N. /^a, /k and /xHi oan be 
eonsidered equal. Consequently, these studies make it possible by 
applying the formula above to (»aleulate the ratios /xa : /k (from 
experiments to be published) and /nh, : /k in the mieellar solution. 
As average values one gets: /Na^/K — DOB and /nh* : /k “ 


3. Conclusions. 

The three different experimental methods applied for studying 
the effeet of dilution have shown eonformably 

1) that with the ion-eombinations and dilutions used, exeept for 
the systems Na—Li and K—Li, the equilibrium betweeii monovalent 
ions is not influeneed by dilution; 

2) that, on the contrary, the equilibrium between heterovalent 
ions is influeneed in a high degree by dilution. Such is particularly 
the case for cations, but anions, too, have shown a elear displacement 
of the equilibrium towards a stronger adsorption of polyvalent ions 
on inereasing dilution; 

3) that the results obtained are in good qualitative agreement 
with the conclusions that can be drawn with the aid of the Donnan 
equilibrium and of other formulas based on the law of mass aetion. 

In the exchangers used here the ions can be distributed without 
struetural interference; such was not the case in some of the materials 
used in earlier investigations. That contradictory results have often 
been obtained with permutite may be explained by struetural impe- 
diments against the free distribution of the ions. 

The aiteration of the ion exchange equilibrium of the soil taking 
place when the soil is dried and wetted and which has been indi- 
cated by Mattson and Wiklandee (1940), gets additional support 
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by the present results. The concentration of the soil solution is 
increased by drying, and by this the bivalent ions (Oa, Mg) in the 
soil complex are to a certain extent exchanged for inonovalent ions 
(K, Na) in the soil solution. On the other hand, when the soil is 
wetted, bivalent ions in the soil Solutions are exchanged for mono- 
valent ions in the soil complex. The (»orrectness of this conception 
is corroborated also by the experiments of Buegess (1922) and 
IliBBARD (1923). It appears from the results obtained by these 
investigators that, when wet soil was squeezed, the solution running 
out (‘ontained less K and Na in comparison with Ca and Mg than 
the extract from the same soil treated with water in the ratio 1 : 5. 

Further the valence effect on dilution leads to the conclusion that, 
if a soil is shaken with distilled water, the composition of the extract 
will give no true picture of the composition of the soil solution. The 
contents of Ca and Mg in relation to K and Na will be lower in the 
extra(*t than in the soil solution. 

Accordiug to the theory of the upiake of mineral nutrients as 
worked out by Lundegårdh (1938, 1940, 1942 and other works) 
the i)rotoplasm of the root hairs behaves as an amphoteric colloid, 
whi(*h adsorbs and exchanges ions aceording to the Donnan equili- 
briuni. It may therefore be expected that the effect of dilution should 
in a (‘ertain degree mak(‘ itself felt also in the uptake of mineral 
nutrients. C-onsequently, it is probable that the higher the water 
contents of the soil, the more easily will the plants take up bivalent 
ions in comparison with inonovalent ions, if the ions are absorbed 
from the soil solution. 

Also from an analytical point of view the valence- and dilution- 
effects are of interest. If 11-saturated resins are used for separating 
anions and cations, using an apparatus as described briefly in part 
IV, the time necessary for filtration will, on account of the valence 
effect, vary aceording to the valence of the ion to be adsorbed. 
Usually, experimental Solutions are dilute causing polyvalent ions 
to be adsorbed more rapidly than inonovalent ions. The filtering 
velocity can thus be kept higher for the former than for the latter 
ones and this in the higher a degree, the more dilute the solution. 


VIII. The Influence of Heating on the Exchangeability 
of the Adsorbed Ions. 

1. Introduction. 

As pointed out in part III the ion exehange process proceeds ra¬ 
pidly in most of the ion exchangers. However, it has been clearly 
shown by Damsgaard-Sgrensbn (1941) that the accomplishment 
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of the equilibrium in tlie case of ionic exohange in permutite inay 
require much time. The equilibrium between NH4-permutite + NaCl, 
on the one hand, and between JSTa-permutite + ;NH4C1, on the other 
hand, has been studied by Damsgaard-Sorensen both at 20° C and at 
100° C. While no equilibrium had been reached at 20° after a reac- 
tion time of 72 days, equilibrium was already reached after 4 hours 
at 100° C. But also for the ion combinations Na and K an increase 
in temperature proved to be a means to overcome the inertia of the 
reaction. When electrodialysed permutites are saturated by neutra- 
lization with hydroxides, the process of neutralization is considerably 
hastened by heating, as was shown by my own investigations.^ 
Still, certain risks may be incurred by making use of heating in order 
to increase the velocity of reaction in ion exchange and in the case 
of neutralization of H-saturated permutite, if calculations about the 
ion exchange equilibrium are to be made. A higher temperature 
may cause exchangeable ions to become more difficult to replace 
or to become fixed, that is to say pass into a not directly exchange- 
able form; as a result of this, the calculated States of equilibrium 
may become faulty, since only exchangeable ions should be conside- 
red. Conditions will become still more complicated if the degree 
of fixation or of the decrease in exchangeability is different for the 
various ions. If such a reaction takes place, it is also most probable 
that the tendency of the ions is different with regard to these phe»- 
nomena. In this direction point, arnong other things, the individual 
properties of the ions, the often strong tendency towards fixation 
to the soil colloids exhibited by K, and the results of Page and Bä¬ 
ver (1939). 

Permutite and soils being extensively used in the present investiga- 
tions it has been of interest to make a comparison between the ex¬ 
changeability of adsorbed cations before and after heating to 100° C. 
The experiment was arranged in such a way that it was also possible 
to obtain information as to what an extent the velocity of reaction 
is dependent on the kind of the ions. 


2. Experimental Methods. 

The effeet of heating on the exchangeability of ions has been 
studied both in the permutite described in part III and in a clay 
loam, Vårdsberg clay, of which an account is given in part V as to 
its mechanical composition and base exchange capacity. 

The experiments were carried out with Na, K, Mg, and Ca as 
adsorbed ions and with HCl as replacing electrolyte. 

The electrodialysed permutite was converted into Na-, K- and 
Ca-permutite by successive addition of small portions of the corres- 


^ Unpublished data. 
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ponding hydroxides with intervals of several days between the 
additions. Thus the saturation, which was continued until the out- 
side solution showed neutral reaction and constant pH when kepi 
standing, lasted 75 days. During this time frequent shaking was 
performed. The permutite was then dried at room temperature and 
parted into two portions which were transferred into Erlenmeyer 
fläsks. Distilled, COa-free water was added. One of the fläsks was 
heated on a steam-bath for 48 hours. The permutite was dried again 
at room temperature and pulverized. Mg-permutite was produced 
from H-perrnutite by repeated shaking and leaching with 2 N. 
MgClg. After this treatment the permutite was washed free from 
chloride with COa-free distilled water. Then the Mg-permutite was 
treated in the same way as the other permutites. 

The contents of added cations in the permutites amounted to: 
for Na 66.8, K 87.3, Mg 45.9, and Ca 80.3 m. e./lOO g H-permutite. 

Of the different permutites 3.000 g were weighed into Erlenmeyer 
flaska, distilled water was added, and after two days as mueh HCl 
as to correspond to 95 % of the added quantity of cations, measured 
in m. e. In the Ca-series the volume of water was 300 ml, in the 
other series the amount of water was chosen in such a way that the 
total volume of water + HCl-solution was kept constant and equal 
to 134 ml/l m. e. added cation. Three different times of reaction 
were taken, viz. 0.5, 5 and 50 hours of shaking after the addition of 
the HCl. Immediately after the end of the shaking, filtration took 
place and the filtrate was analysed as to Na, K, Mg and Ca respec- 
tively. 

K was precipitated as potassium platinum chloride (Hillebrand 
and Lundell 1929), Mg as magnesium hydroxyquinolate according 
to Berg (1935) and Na gravimetrically as Na-Mg-uranyl acetate 
(Nydahl 1938); Ca was determined as mentioned above. Before 
the analyses SiOj was removed by evaporation with HF and ses- 
quioxydes by precipitation with NHg at pH 6. 

Apart from the aforesaid series with 95 % H(^l, replacement was 
also performed by adding 400 % HCl with a shaking time of 86 
hours. 

With regard to the Vårdsberg clay the investigation was liinited 
to K and Ca. A certain amount of the electrodialysed soil was w eighed 
and suspended in water and the soil was converted into K- and Ca- 
soil respectively by addition of KOH and Ca(OH) 2 , correspoiiding 
to 20.39 m. e. K and 23.00 m. e. Ca per 100 g H-soil or approximately 
equal to the exchange capacity at pH 7 according to the neutrali- 
zation curves in fig. 25. One half of the fläsks were heated on the 
steam-bath for 48 hours under occasional shaking, whereafter the 
suspension was filtered and the soil dried at room temperature and 
carefully pulverized. From the soils thus treated 8.000 g were weighed 
into fläsks and distilled water and HCl corresponding to 100 % of 
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the added amounts of K and Ca respeetively added. The total 
liquid volume was 100 ml. Af ter shaking for 0.5, 5 and 50 hours 
the amounts of K and Ca rei^laced were determined in the filtrate. 


3. Experimental Results. 

The amounts of replaced eations have been ealeulated in per 
eent of the quantity of eations added. 

A. Permutite, 

The following appears from the table below: 

1. Tn th(^ i>ermutite in question the ion exehange is apparently 
a reaetion requiring time. This holds true irrespective of the material 
being heated or not. The velocity of the ion exehange is evidently 
strongly dependent on the kind of the saturating ion and lies in the 
order: I^a > K > Ca > Mg. 


Table 19. lieplavement o/ Na^ Ä", Mg^ and Ca on addition of H(Jl 
to permutite whieh was eiiher unheated or preheated to 100° C for 
48 hours at varying time of reaetion. 


Time of 
reaetion 

Added 
HCl % 

Replacod ions in 
of total 

Difference 

unheated 

preheated 

pH of filtrate 

Unheated 

Preheated 
at 100“ 

U nheated 

1’reheated 



Na - p e r m u t 

i te. 



0:. 

95 

72.7 

70.0 

2.1 

3.83 

3.45 

5 

» 

80.,5 

76.4 

4.1 

4.06 

3.77 

oO 


8s.a 

80.1 

5.1 

4.30 

3.98 

80 

400 

97. :i 

95.7 

1.0 

3.33 

3.09 



K - p e r m u t i t O. 



o.."! 

95 

5 : 1.7 

46.0 

7.7 

3.33 

3.01 

i 5 

» 

58.1 

49.f> 

8.5 

3.71 

3.34 

i 50 

» 1 

05.3 

52.0 

12.4 

3.93 

3.65 

80 

400 

81 « 

77.1 

4.7 

3.14 

2.87 



Mg - permutite. 



0.5 

95 

41.7 

34.5 

7.2 

3.29 

3.15 

5 

» 

öO.o 

43.2 

(6.8' 

3.78 1 

j 3.46 

50 

1 

05,7 

62.1 

13.6 

3.90 

1 3.73 

1 ^5 

400 

74.5 

67.4 

7.1 

3.34 

1 3.18 



Ca- permutite. 



0 5 

1 95 ! 

50.0 

43.3 

7.3 

: 3.40 

3.00 

5 


58.4 

50.8 

7.6 

! 3.80 1 

3.30 

50 1 


68.9 

60.0 

8.9 

3.92 j 

3.66 

86 1 

1 400 1 

86.5 

82.0 

4.5 

3.18 

2.92 
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2. The heating of the permutite in water tq 100° O has led to a 
deerease in the exchangeability of the saturating ion. This appears 
directly from the values obtained and indirectly from the pH- 
values in the filtrates. Throughout, the pH is higher in the samples 
whi(*h had not been heated, indicating that more H-ions have en- 
tered. No rigid equivalence between the H-ions exchanged and the 
eations replaeed can be expected, since at the pH-values prevailing 
here part of the permutite is dissolved and, for this, H-ions are used. 

3. The differenee between unheated and preheated permutite 
inereases with the length of the time of reaction, when constant 
amounts of acid are added. At the beginning of the reaction the 
ions which are most easily exchangeable are replaeed, but the more 
the exeliange of the ions progresses, the more difficult the exehange 
beeomes and the more marked the differenee between the two 
permutites. Comx>are the fifth (»olumn of the table. 

4. As predieted, the exehangeability of the various ions has been 
affe(*ted in a diffenuit degree by the heating. The deerease of the 
exehangeability lies in the following order: 

Na<ra<K<Mg. 

Na in partieular has been S(tareely influeneed. It is interesting to 
note that Mg and K, both of whicdi exist in soil eolloids ehiefly in 
the nonexeliangeable form, here behaved in the same way and that 
the exehangeability deereased (»onsiderably. 

5. By addition of inereased amounts of acid and longer time of 
shaking the differenee between the two permutites has been eon- 
siderably redueed but, still, it is great for the K-, Ca- and partieularly 
the Mg-saturated permutites. 

Heating has led to a eertain »fixation» of the ions but, at inereased 
H-ion eoneentration, this eould be partly overeome. The stronger 
replaeement on inereased addition of acid must partly be ascribed 
to the faet that a greater part of the permutite has been dissolved 
at the higher than at the lower HOl eoneentration. 

B. Vårdsberg clay. 

Table 20. Replaeement of K and Ca on addition of B Cl to Vdrdsberg 
<iay, which had either not been heated or preheated to 100° C for 4S 
hours; »50 hours^ shaking time. Added HCl equivalent to K and Ca 

respeetively. 



Roplaeed iong in % of total 

Differenee 

pH of filtrate 


- , 


unheated— 



1 

Unheated 

Preheated 

preheated 

Unheated 

Preheated 

K-clay 

76.2 

69.4 

5.8 

3.18 

2.71 

Ca-clay 

80.0 

77.1 

2.9 

3.20 

2.80 1 
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As appears from table 20, the heating of tho Vårdsberg elay has 
led to the effect that the adsorbed ions have become more difficult 
to replace, and, as in permutite, this effect is more marked for K 
than for Ca. These conditions are also refleoted in the pH-values 
of the filtrates. 


4. Discussion. 

The experiments with permutite and the (day have shown that 
heating in water to 100° 0 causes the exchangeability of the adsorbed 
ions to decrease. The decrease is of different magnitude for the va- 
rious ions and proved to be considerably greater for K and Mg 
than for Na and Ca. To the same extent as the ions become fixed 
by the heating they are kept beyond the direct ion exchange equi- 
librium. As shown by Bray and DeTurk (1938), DeTurk, Wood 
and Bray (1943) and others, there is an equilibrium between fixed 
and not fixed K. The same conditions might be imagined to exist 
for other fixed ions. But since fixed ions are very slowly, if at all, 
replaceable, they do not directly take part in the exchange equili¬ 
brium. The application of heat to permutoid ion exchangers, in 
order to hasten the accomplishment of the equilibrium and in the 
case of the neutralization, may therefore lead to the (‘onsequence 
that the calculations of the equilibrium become more or less faulty. 

With regard to the effect caused by heating of an ion exehanger, 
it may be expected that the counter-ions, apart from an inereased 
thermic motion, are completely or partly dehydrated, that the lattioe 
or the structure of the ion exehanger beconies more open, and that 
possible specific reaetions, as lattice ion exchange etc., are acce- 
lerated. 

The results obtained by Jaeger (1929) when studying ionic ex¬ 
change on ultramarine indicate that ions are dehydrated at higher 
temperatures. Ag-saturated ultramarine was treated in sealed glass 
tubes with alkali halogenides at 100°, 130° and 160° C, whereby 
both the time of reaetion and the concentration were varied. It 
appeared that at 130° and 160° the replacing power of the alkali 
ions had the order: 

Li > Na > K > Rb > Cs. 

The velocity of the ionic exchange also deereased in the same 
direction. This order is in agreement with that which was to be 
expected a priori, if the ions were not hydrated, but reversed as com- 
pared with the order of the hydrated ions. 

The deereased exchangeability caused by preheating in the pre¬ 
sent experiment may partly be ascribed to real fixation, partly to 
the faet that the ions, on account of the decrease of their apparent 
effeetive volume, more easily get access to inner surfaces or parts 
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of the ion exchanger which otherwise are difficultly accessible. The 
I) 088 ibility of a »lattice»-ion-exchange must also be assumed to be 
(‘.onsiderably greater at higher than at lower temperature on account 
of the increased thermic motion of the ions to be found in the lattice 
or in the amorphous substance. 

Presumably, the deerease in the exchangeability of the ion by 
heating is not limited to permutite and to the clay investigated, 
but may be assumed to take place in other inorganic ion exchangers 
too. This is indicated by the results obtained by Page and Bäver 
(1939) on montmorillonitic clays. Page and Bäver studied the 
fixation of alkali and alkaline-earth ions caused by drying at 100° C, 
the results are therefore not directly comparable. Still, it is of in- 
terest to note that the ions showed considerable variations in the 
degree of fixation and that K, as in my experiments, was fixed 
strongly. Mg on the other hand showed a comparatively low fixa¬ 
tion, eonsiderably lower than K, but somewhat stronger than Ca. 


IX. The Influence of the Degree of Saturation of the 
Exchanger and of the Nature of the Complenientary Ions 
on the Exchangeability of Adsorbed Ions. 

1. Introduction. 

Among soil seientists and agrieultural ehemists the most predo- 
minant (‘oneeption is that the exchangeability of an ion decreases 
suceessively with its relative part in the exchangeable ions. This 
would mean that an ion is the more strongly bound and that its 
replaeing power is the greater, the lower the degree of saturation 
of an exchanger for the ion in question. The saturation degree, 
of an exchanger with respeet to an ion, may be expressed 
by the formula; 

M-100 

where M denotes the amount of the ion in m. e. and C the sum 
of in. e. of other adsorbed ions, generally called complementary 
ions^ If the exchanger is saturated with one kind of ions only, 
the ions should, aceording to the dominant conception, be most 
easily replaced, but if other ions are present, the exchange¬ 
ability should deerease with faUing degree of saturation, and this 

^ To denote certain ions as complementary ions is of course arbitrary. Any 
ions may be considered as complementary; decisive in that respeet is what ion 
is to be stodied. 
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would be the oase irrespevtive of the nature of the vomplementary 

iom. Therefore, it shoiild involve great difficulties conipletely to 
replace an ion. From an agricultural point of view, regarding 
partic.ularly the absorption of niitrients by the plants, the avail- 
ability of the minor elements, the retention of nutrients in the soil, 
and regarding further the nse of ion exchanging substances in ana- 
lytical chemistry etc., this problem is of very great interest. Earlier 
investigations in this sphere are generally exclusively eonc^erned 
with the relation between the saturation degree of soil eolloids with 
respect to an ion and its availability to plants (Horner 1936, 
Yarussov 1938, Mehlich and Colwell 1943 and 1946, Marshall 
1944 b, Allaway 1945). 

The opinion mentioned is held, among others, by Weisz (1932) 
and Yarussov (1937), and by Schachtschabel (1940) who studied 
ion exchange in a number of clay minerals. Schachtschabel writes: 
»Bies bestätigt die Annahme, dass die lonen um so fester gebun- 
den werden, je geringer ihr Anteil am Jonenbelag ist.» llowever, 
Schachtschabel has not made any detailed analysis of the pro« 
blem, and he does not mention anything about a possible influenee 
of the complementary ion on the exehangeability of an ion. The 
opinion mentioned is held also by Jenny and Ayers (1939), who 
studied the relation between the degree of saturation with respeel 
to an ion and its exehangeability and absorption by plant roots 
and, in connection with that, the influenee of the complementary 

ion. They write: »The present study oonvincingly shows, both by 
experiment and by theory, that the replaceability of a cation from 
a clay particle is depressed by the presence of complementary ions.» 
Notwithstanding the faet that the results gained by Jenny and 
Ayers are of great interest and in good agreement with the theore- 
tically construeted exehangeability curves, it must be emphasized 
that the authors have drawn too far-reaching conelusions. The 
cause of this is to be found in their experimental method as well 
as in the presumptions made for the caleulated curves. Allowing 
the degree of saturation with a certain ion to fall from 100% towards 
0, Jenny and Ayers simultaneously diminished the concentration 
of the replacing ion and, moreover, in such a way that the total 
concentration of this ion and that of the ion studied were always 
equal. Wfth absolute necessity such an experimental method must 
result in a less and less percentage replacement of the ion studied, 
since progressively inereased relative quantities of the complemen¬ 
tary ion are being released. Consequently, such an experimental 
method cannot answer the question whether a diminishing degree 
of saturation also implies deereasing exehangeability or not. 

An essentially differing conception is held by Bray (1942), who 
asserts that the exehangeability of an ion is not determined by the 
degree of saturation but by its own ability of release and by the 
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nature of the complementary ions. From replacement experiments 
with natural soils and HCl Bray obtained constants which he 
considered as a measure of the relative exchangeability of the ions 
at low replacement on similar soils. It appears, however, from Bray^s 
analytical results that the soils examined behaved in rather different 
ways. Thus the exchange capacity varied between 9.9 and 37.9 
m. e./lOO g soil, which should have influenced the constants for the 
ability of release. 

Only if soils are very like each other with regard to sueh proper- 
ties as are conne(ded with ion exchange, it is possible to use the 
same constants. Knowing the valence effeet on dilution it is pos¬ 
sible to State that the relative exchangeability of heterovalent 
ions should vary with the concentration of the micellar solution; 
this, in its turn, is dependent on the base ex(*.hange capacity, the 
degree of base saturation, and the acidoid strength. If, for example, 
the colloids have highly different contents of exchangeable bases 
(different concentration of the micellar solution), the exchange¬ 
ability of ions of different valen<‘e will vary more or less from one 
exchanger to the other on addition of an equal amount of replacing 
electrolyte and, in consequence, the percentage of the replaced 
amount of each ion. This is also the (»ase if there is only a small 
amount replaced. Therefore, it is not j) 088 ible to propose a direct 
proportionality between the replaced amount of any ion and the 
fraction of this ion and all the replaceable ions irrespective of the 
valency. 

8 till, judging from his discussions and experiments, Bray has 
(*vidently not considered these circumstances. The great variation 
of the »exchange constants» found in Bray’8 experiment may pro- 
bably be considered as due partly to the iårcumstances mentioned 
above, partly to a varying degree of saturation with different ions, 
and partly to the nature of the complementary ions. 

2. Theorelical. 

Taking the activity concept and the law of mass action as a basis 
I will try to elucidate the relationship existing between the ex- 
ehangeability of an ion, the degree of saturation of the colloid with 
this ion, and the nature of the complementary ions. In the following 
discussion an acidoid saturated with Na-, K-, H-, Mg-, Ca-, and 
La-ions is presupposed. All these cations are ionized and their 
activity in the micellar solution — associated ions also included — 
is denoted by (Na)t, (K)i, (H)», (Mg)t, (Ca)i and (La)t respectively. 
Purther no ion blockade is supposed to exist with regard to the 
replacing ion. As a replacing electrolyte HCl is used. The exchanger 
containing the micellar water is assumed to be added to the HCl 
solution, the hydrogen activity of which is denoted as (H)o. At 
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low percentage replacement the quantity of adsorbed ions replaeed 
will be proportional to the activity of each ion (measured in norma- 
lity) in the micellar solution and to the activity of the hydrogen 
ions in the outside solntion; both of theni being measured before 
the beginning of the reaction. The activity eoefficient of the ions 
in the micellar solution and that of the hydrogen ion in the out¬ 
side solution are considered unchanged or but slightly influenced 
by the exchange. This presumption will hold true, if the addition 
of HCl is small as compared with the total amount of the 
replaceable ions and if, consequently, the percentage exchange is 
small. Under these presuppositions the quantities of released ions 
luay be expressed thus: 


ÄNa = fci • (Na)i • (H)« 

( 10 ) 

ÄK = fe* • (K)< • (H)„ 

( 11 ) 

-Bh == kg • (H); • (H)o 

( 12 ) 

Siig = fe4 • ^^(Mg)i • (H)„ 

(13) 

Rca ~ ^6 ' (Ca)/ • (H)o 

(14) 

Rls ~ ^6 ’ ^ (La )i • (II)w 

(15) 


i?Na, JKk, Äh, -Km«, -Rcuj and ÄLa denote replaced aniounts in m.e. 
of Na, K, H, Mg, Ca, and La respectively. It is then possible to 
get the following expression, where Mt means the total amount of 
replaced ions; 

-Rxa ^ -Rk + -Rh + -Rmr + Rc’a + = -R?’, 

and since it must also be true that — and ^4 k^ (because 

k is only a proportionality factor and (H)^ is the same in all exchange 
reactions), we obtain the expression: 

St = (H)« • [kl ■ [(Na)i + (K)i + (H),] + k^ ■ + 

ff _ 

+ fce-V(La)<] ( 16 ) 

The quantity of replaced Na is derived from the equations ( 10 ) 
and (16), k^ and k^ being new constants; 

^ (Na)i • Bt 

jKxa — ^ . -- * 

(Na)i + (K),- + (H)i + kl ■ K(Mg)i + fej • K (Cä)i + k^ ■ 


( 17 ) 
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If concentration is substituted for a^ivity, the quantity of re- 
placed sodium is determined by the fmlowing expression: 


/Na * [Na] • Et 


,(18) 


/xft- [Na]4 /k • [K]H-/h- [H]H- h^-Vfug * [Mg] + k^- l'7ca • [Ca] + jfcg • /l» • [La] 


where [ ] denotes the concentrations in the micellar solution before 
the beginning of the reaction. 

Taking sodium as an example one gets the relation [Na] = - , 

V 

where r means the volume of the micellar solution and m. e. 
exchangeable Na; and v refer to the same quantity of the 

ion exchanger. Making the approximation that all exchangeable 
ioris an* distributed in the same micellar solution volume, r, it is 
consequently possible to exchange concentration in formula (18) for 
the total amount of exchangeable ions, signified by JlfNa, Mk, Mh, 
Jl/(-a, and JfLa ni. e. respectively, the total amount of which 
is equal to the exchange capacity C. Then, formula (18) assumes 
tlie form: 


_ /no • MHa • Et 

/xa*3iN’a - /k-Mk i /h*3/h I ^1* I /cari/ra + ifc2*^ /La*?’^‘3fLu 


(19) 


Formula (19) is suitable for computing the replacement of homo- 
valeni ions at any degree of saturation. For this use the formula 
can aj)propriately be writt(‘n in a more general form: 




_ U:Mj,Et 

/a • 3/A + /li • Mb + /c ’ Mc + ' • • + /x • 3fx 


( 20 ) 


The ions -1, B, C etc. have the same valence but may be mono- or 
polyvalent. 

If one computes the replacement of monovalent ions in the pre- 
sence of polyvalent. ones, it will be found that formula (19) yields 
somewhat too low values as is in<lieated by a slightly marked mi¬ 
nimum in that part of the replacement eurve where the degree of 
saturation for the monovalent ions approaches 100 % (Cf. fig. 34). 
Still, it is possible to modify the formula in such a way that this 
tendency will disappear. If the adsorbed ions are homovalent, v 
will cancel out of the formula, which is not the case if the ions are 
heterovalent. If an exchanger saturated with Na and Ca only is 
taken as an example, v should have its relatively greatest importance 
in case the adsorbed ions exclusively consist in Ca, provided 
that the replacement is carried out with monovalent ions, and 
should decrease successively according as the degree of saturation 

9 — 46590 Lanthrukahögakolana 4i^mler. Vol. 14 
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with Ca (~ i>ca) falls and i>Na grows. This relationship can be 

expressed by multiplying v by the fraetion — -. Oonse- 

quently, a more eorrect formula, valid at any dej^ree of saturation, 
for eomputing the replaoement of Na with Ca as complementary 
ion will read as follows: 


Äxa = 


/xa ‘ ^Na * Rt 


/Xa • + Ä: * I/ /ca 


■K/» 


Mv. 


( 21 ) 


Jlfxa H" ^Ca 


• V • Mca 


Moreover, the formula indirectly makes possible the caleiilation of 
i?ca by subtraeting i^xa from Rt» 

Formula (19) is not applicable for directly eomputing the release 
of bivalent ions in the presence of monovalent ones. Still, it is 
possible to deduce a formula useable for the replaeement of biva¬ 
lent ions at all degrees of saturation. The replaeement of bivalent 
ions is then siipposed to be proportional to (H)* in the outside 
solution, before the beginning of the reaetion, whi(*li is in agree- 
ment with the ion exehange formula: 

+ + + + -f- 4 

Cai -f 2Ho 2Tli + Ca,,, 

resulting in: 

RCå ~ * {11^)<> * 


If the Na-, K-, H-, Mg-, and Ca-ions are ineluded, the following 
expression is obtained: 


Rca- 


ÄCa 

•Bca 4' R^g "t R^& 4" JKk 


Rr 


Bt. 


If in the fraetion of this formula the preeeding expression is sub¬ 
stituted for Bca as well as the cerresponding expressions for the 
other ions, the result beeomes: 

Ä;i-(Ca)r(H)Mi;T 

' Äj- (Ca).- {Tifo+h- (Mgli- (H):+fts- (Na)i- (H)„+ k,- {K)i-(B)o+ki-(R)i-(B.)o 

where the conetant fcj = fcj and k 3 — k^ = k^. If the numerator 
and the denominator are divided by (H): and k^, and if then (H)o 

is exchanged for and t > and if the total 

Ä:s-(Na)i ki-{K)i *5-(11)4 

amounts of adsorbed ions are inserted in the way mentioned above, 
the equation changes thus: 
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p ___ /ca--afc»--gr _ 

^ u Af X*' . MiJ\: Mk 

/ca-Jtfoa + /Mg--*fMg + --/Na--^+ --/k- p +:,'/h‘ p- 

t? itK t’ -Bh 


This formula has, however, one disadvantage: the occurrence of 
ÄNa, -Bk and Rb.- Yet, it is possible to caloulate those quantities 
from formula (19). In case the exchanger contains one bivalent 
ion and one monovalent ion only, it is eonvenient to oombine (21) 
and (23), wliich removes the disadvantage. If thus the two ions 
are Ca and Na, a eombination of (21) and (23) makes it possible 
direetly to eompute the replaced amount of Ca from the formula: 


/ra * \ 


r-e \ 


/ca ' Mr,a • Rt 


/xa ‘ -^Na 't' Ic^ * /\a * -^Xn ’ 


/ iifx 


(24) 


U + ifca/ 


The following comdusions may be drawii from the deduced for¬ 
mulas concerning the faetors determining the release of adsorbed 
ions. 

1. If all the ions ha ve the same valence, the amount of an ion 
that is replaced on addition of a small quantity of an eleetrolyte 
will be determined by the aetivity eoefficients and the relative 
amounts (saturation degrees) of all the ions as well as by the total 
amount replaced. The volume of the micellar solution, however, 
has no influence, as v eancels out of the formula, whereas in case 
of different valence of the ions also the volume of the micellar solu¬ 
tion will be of importance for the quantity replaced, the influence 
of the volume being greater, the higher the valence of the com- 
])lementary ions. 

2. Tlie higher the aetivity coefficient of a certain ion in relation 
to that of the complementary ions, the greater will be its percentage 
replacement.^ 

3. The percentage replacement of an ion inereases with falling 
aetivity coefficient of the complementary ion and vice versa. 

4. The greater the difference between the aetivity coefficient of 
a (jertain ion and that of the complementary ions, the more the 
exchangeability of the ions will be intluenced by a varying degree 
of saturation. 

The degree of saturation being cx)nstant an ion will be more 
(iifficult to replace, if a complementary ion with a low aetivity 
coefficient is exchanged for another ion with a high coefficient. 
On the other hand, the exchangeability inereases if an ion with 
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a low activity eoefficiont is substituted for a complementary ion witli 
a high one. This is in agreement with Bbay^s (1942) conclusion. 

6. Further the following very ^important conclusion as to the 
effect of the saturation degree on the exehangeability of the honio- 
valent ions may be drawn from forniula (20). If the ions present 
have different activity coefficient^, the exehangeability of any of 
those ions must vary with a change of the saturation degree of any 
of the ions in question. Oonsequently, the exehangeability of an 
ion changes, even if the saturation degree is constant for this ion 
but changed for the complementary ions. In case the ion exchanger 
is saturated with two kinds of ions, the exehangeability of the ion 
with the higher eoeffieient will grow with a falling degree of satura¬ 
tion, whereas, in the same case, the exehangeability of the ion with 
the lower eoeffieient will diminish. 

An exchanger saturated with Na and K only may be taken as 
an example of these eonditions. At the .high ionic strength pre- 
vailing in the mieellar solution, Na has a eonsiderably higher aeti- 
vity eoeffieient than K irrespeetive of the relative amounts of the 
two ions. If a given amount of a replacing electrolyte is added to 
sueh an exchanger, Na will be replaeed to a higher per(*entage, the 
lower the degree of saturation with Na. Iri (^ase the ion exchanger 
is saturated with Na only, a minimum percentage of Na will be 
released, but when the degree of saturation falls, the replacernent 
inereases. As to K, on the other hand, the percentage release 
decTCases with falling degree of saturation. Thus the replacernent 
is maximal at saturation with K only. 

Knowing the relative /-values of the ions it is possible to arrange 
the change in percentage replacernent in falling direction at varying 
mutual saturation degrees of the following ion pairs: 

Li — K > Na —■ K; Mg ~ Ba > Ca — Ba > 8r — Ba. 

Only in case all the adsorbed ions are homovalent and have 
equally great activity coeffieientSj the exehangeability will remain un- 
mfluenced by the saturation degree. It appears from this that it is 
impossible to conelude from the nature of an ion whether its ex- 
changeability decreases or inereases with the degree of saturation, 
owing to the faet that this is determined not only by the ion in 
question but also by the nature and the relative amounts of the 
complementary ions. 

7. With the support of point 5 and with the knowledge of the rela¬ 
tive magnitude of the activity coefficients of the alkali and alka- 
line-earth ions one may assert that the exehangeability of an arbi- 
trary ion grows in the order: 

Li < Na < K < Mg < Ca < Sr < Ba < La, 
when these ions separately funetion as a complementary ion. 
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It may be pointed out here that the concliisions drawn from the 
formulas are valid even if the exchangeable ions are associated. In 
this case, however, the activity coefficient has to be calculated 
with regard to the degree of association in the way proposed by 
Bjerrum. 

8 . On account of the faet that in the formulas the volume of 
the mieellar solution (v) is connected with the bivalent ions, the 
replaeement of simultaneously api>earing mono- and bivalent ions 
will be influenced by the concentration of the mieellar solution. A 
low t^-value, indicating a concentrated mieellar solution, causes 
monovalent ions to be replaced to a relatively greater extent and 
bivalent ones to a relatively less extent than does a high -r-value. 
Thus the phenomenon corresponds to the valence effeet on dilution 
and to the effeet exerted by the base exehange eapaeity upon the 
relative adsorption of Ca and NH 4 by soil minerals demonstrated 
by Mattson and Larsson (1946). 

9. If an ion exehanger is saturated with mono- and bivalent 
ions, the replaeement of the two ions will be very much dependent 
on the degree of saturation. Owing to the faet that the bivalent 
ions in formulas (19) and (21) enter with a square root expression, 
tbe percentage release of a monovalent ion will rapidly grow with 
falling saturation degree of this ion. If the caleulation is made 
with Na and Ca, it will be seen from formula ( 21 ) that the percen¬ 
tage release of Na approaehes its minimum when the saturation 
degree as to Na goes towards 100 (D^a 100), but approaehes its 
maximum when i>Na 0 . MNa + Mca and Et are supposed to 
be constant. On the other hand, it appears from formula (24) that 
owing to the faet that the monovalent ions enter with their squares, 
the release of a bivalent ion will deerease rapidly with falling degree 
of saturation. Contrary to what is the case with Na the percentage 
release of (-a approaehes its maximum when l>ca 100 , but goes 

k 

towards zero when i>ca 0. The faetor - may be considered 

Etv 

to vary but little with the degree of saturation. 

8 ome of the eonclusions drawn above will be elucidated in the 
following by caleulations according to the formulas presented. 
The computations are carried out for an exehanger saturated with 
two kinds of ions only at a degree of saturation varying for the two 
ions between 1 and 100%. The replacing electrolyte is added in 
such a quantity that in one case 10 % and in the other case 50 % of 
the exchangeable ions are replaced. To make a caleulation for such 

high total replaeement as 50% is, theoretically, scarcely justi- 
fied. In spite of this the computation shall be made, since it is of 
interest to get a comparison with the following experiments in 
which about 50 % were replaced. The kind of ions is varied by 
inserting different values for the activity coefficients of the ions 
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Fig. 32. Computed replacoment of homovalent ions from an exchanger »aturated 
with two ions: — and resp. at mutiially 

varying degrees. The /-values are supposed to he: =1, — 0.8, f y^ =^0.0, 

f = 0.4 and / =i= 0.3. Total replacement is constant and equal to 10 % of ex- 

changoable ions. and denote that the complernontaiy ions 

consist of and resp. 


in the raicellar solution (ef. fig. 32). The replacement of the homo- 
valent ions is computed according to formula (20). The results are 
graphically presented in figures 32 and 33. It is to be noted that 
the total replacement of the two ions, calculated in per cent of the 
exchangeable ions or in m.e., is everywhere constant and not de- 
pendent on the varying proportions of the two ions. Further, it 
should be observed that the total exchangeable amount of the ions 
My + ifg, JHfg + if 5 , ifa + if 5 etc. is constant. When the sa- 
turation with ifj, ifa, ifa and if 4 resp. falls, the saturation of 
increases, so that: 

Dmx 4* Dm^ == DMt + Dm^ = Dmz 4- 2>m 5 = + Djir, == 100 %, 

From the curves in figure 32 it is evident that besides the nature 
of the ion studied the nature of the complementary ions and the 
degree of saturation exert a powerful influence upon the exchange- 
ability of the ion. If the activity coefficients of the two ions are 
different, that is to say the replacing power of the ions are of dif- 
ferent magnitude, the release of the ion with the higher /-value will 
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Fig. 33. The sanio as in fig. 32 but for the degree of replacoment, which hero 

amounts to 50 %. 


iiicrease but the release of the ion with the lower /-value will de- 
erease A\'ith falling degree of saturatiori of the respective ion. This 
relation beeoines the more marked the greater the differeiice be- 
tween the /-values of the two ions. Thus it appears from the figure 
t hat the difference between the pereentage replacement of the two 
ions grows in the order: 

.¥4 - M^< - M^< - M^< - ¥5. 

Only in that ease when the f-välues of the two ions are equal the 
l>er(‘,entage replacement will be independent of the degree of satura- 
lion. This case is represented in the figure by the dotted curve. 
It is to be seen that the slope of the ^j-curves is not as steep as the 
rise of the corresponding curves, which is explained by the faet 
that the total replacement is only 10 per cent. 

When eomparing figures 32 and 33 it appears that the relative 
inerease and decrease of the replacement are considerably greater 
in case 50 % of the exchangeable ions are replaced than when only 
10% are replaced. Thus in the former case ¥i is completely re¬ 
placed at Dmi = 24%, while in the latter case the replacement is 
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only 32.5% at Dm^ 1%. Consequently, the ehange iii the per- 
centage replacement of an ion on variation of the degree of satura- 
tion becomes greater at high than at low replacement. Here it 
should be pointed ont that, according to the Donnan equilibrium, 
a coinplete replacement of any ion is not possible with the experi¬ 
mental method applied here. As far as the eoncentration of an 
ion in the outside solution has not decreased to zero, this ion must 
alsq be found in the micellar solution though perhaps in a minute 
eoncentration (in the Donnan formula z f i/ is always greater than 
x), The eomputed release of and in fig. 33 amounted to 
100 % due to the fact that the formulas are not valid for computing 
percentage replacement approaehing 100 per cent. 

Calculations shall also be made with regard to the case that a 
monovalent ion is combined with a bivalent one. The total replace¬ 
ment is assumed to be 10 % and only two kinds of ions are included. 
In order to study the effect of varying eoncentration of the micel¬ 
lar solution on the replacement, four different i;-values are consi- 
dered. The replacement of the monovalent ion is eomputed from 
formula (21), the constant k being approi)riately i)ut to 0.47, and 
that of the bivalent by subtraeting the fornier value from tlu» total 
release. The results appear in figure 34. 

It is evident from figure 34 that, under otherwise equal condi- 
tions, the replacement of a monovalent ion grows but that of a 
bivalent ion deereases with inereasing eoncentration of the micellar 
solution or with inereasing exchange capacity of the colloids. When 
the micellar solution successively grows more dilute, the replace¬ 
ment curves approach ea(*h other, which means that the valence 
effect tends to disappear. The effect exerted by the variation 
of the micellar eoncentration becomes most evident from the cur¬ 
ves for the monovalent ions at the lower degrees of saturation. 
Naturally, the eomputed curves are of interest only from a quali- 
tative point of view, since their shape changes with the Ä-value used. 

Eegarding the possibility to use the proposed formulas for quan- 
titative calculations in real ion exchangers it must be stated that, 
unfortunately, this is impossible as long as the activity coefficients 
of the exchangeable ions are unknown. Still, the formulas are quite 
suitable for a qualitative analysis of the problems in question. In 
so far as it is possible either to determine experimentally or to cal- 
culate the activity coefficients in the micellar solution, the formulas 
can also be used for quantitative calculations. As to clay (*olloids 
also other faetors than those mentioned here, e.g. fixation of added 
ions in nonexchangeable form, blockade effect, etc., can be sup- 
posed to influence the release of the adsorbed ions and, therefore, 
cause greater or smaller deviations from the formulas presented. 

It is also interesting to examine somewhat more closely the 
variations which the activity coefficients of the exchangeable ions 
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Fig. 34. Cornputed release of a monovalent ion (/ = O.O) and a bivalent ion (/ — 
0.3) at varying ooncentration of the micellar solution, the normali ty of which is 
m: a = 3.3, ö = 2, c — 1 and d — 0.5. Total replacement eqiial to 10 of ex- 

changeable lons. 

may undergo as a result of ion exchange and a ehange in the degree 
of saturation with the separate ions, since these eonditions influence 
the niutual exchangeability of the ions and the validity range of the 
proposed formulas. 

If a change in the composition of the ion swarm is aeeompanied 
hy a change of the ionic strength in the micellar solution — in a 
certain degree, this is the case if the ions are heterovalent — the 
aetivity coefficients of the adsorbed ions may vary to some extent 
vrith the degree of saturation for the exchangeable ions. However, 
this variation can only be of a limited magnitude, because it is the 
(‘harge of the ion exchanger itself that is the dominating factor for 
the /-values of the exchangeable ions. If, on the other hand, the 
charge of the ion exchanger is changed, the /-values, too, must vary. 
^uch is the case if the adsorbed ions in a saloid from a weak acidoid 
are replaced by H-ions. By this, the charge of the ion exchanger 
decreases and, theoretically, at the same time, the aetivity coef- 
fioients of the adsorbed ions inerease, giving rise to a valence 
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effe(*t if tlie ions have dissiinilar valenee. If, on the other hand, 
the replacement is effeeted with the aid of a neutral salt, sueh a 
deerease of eharge does not take place. If the ion exchanger is a 
strong acidoid, however, no deerease of charge occurs irrespective 
of the kind of the replaeing ion. The formulas given above have 
been derived under the presupposition that the per cent release 
is small allowing the activity coeffieients in the micellar solution 
and those of the replaeing ions in the outside solution to be re- 
garded as uninfluenced by the ion exchange. But the formulas are 
approximately valid even at greater replacement if only these 
latter eonditions hold. It appears from what is said before that 
this should be the case for strong acidoids (e.g. the resin Wofatit 
K), tlie degree of protolysation of which is not ehanged when re¬ 
placement takes plaee. Also saloids of weak acidoids approximately 
comply witli the condition mentioned provided that the replace¬ 
ment is (*arried out with a neutral salt. 

In the formulas no eonsideration is taken of the concentration 
of the repla(*ed ions in the outside solution and the tendency of 
these ions to be re-adsorbed. This fact has little significanee at 
low percentage replacement but, at high release, a greater or lesser 
error may appear. The error is due to the different increase of the 
activity coeffieients of the ions when these are passing from tlie 
mi(*ellar solution to the outside solution, thus causing the re-ad- 
sorbing tendency of the ions to become unequal. The rnore dif¬ 
ferent this increase of the /-values, the greater becomes the error; 
for heterovalent ions it will be more marked than for homovalent 
ions. On the other hand, the error becomes the smaller, the more 
dilute the outside solution, that is to say the lower the activity of 
tlie replaced ions in relation to that of f.he adsorbed ions. 

3. Experimental Methods. 

In order to verify the theories, experiments were made with ex- 
changers saturated with two kinds of ions at mutually different 
degrees of saturation. However, the influence of a varying concen- 
tration of the micellar solution on the relative release of hetero¬ 
valent ions could not be demonstrated since it was not possible to 
procure suitable ion exchangers of the same kind but with different 
exchange capacity. If for this purpose colloids are used which 
besides exchange capacity show dissimilarities also in other proper- 
ties influencing the ion exchange, it may lead to the consequence 
that the effect of the different micellar concentrations becomes 
overshadowed by other possible factors. 

In the experiments the following ion exchangers were used: the 
resins Wofatit K and Wofatit M, Vårdsberg clay, and the permu- 
tite desciibed before. Because of the fact that the Wofatit K 
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mainly behaves as an »ideal» ion exchanger and because of its strong 
acidoid properties, by which its degree of protolysis did not vary 
during the experiments, it was particularly fit for the study of the 
problems in question. Therefore, most of the experiments were 
made with this material. The rest of the exchangers are but slightly 
protolysed in water. 

For Wofatit K the following ion systems were applied: Li — 

]Sa -NH 4 , K--NH 4 , Mg -NH 4 , 0a-~NH4, Ba—NH 4 , La-~NH 4 , 

Ca "”K and Ca—Mg, 

for Wofatit M: SO4-OI, 

for permutite: Na—NH 4 and Na—K, 

for Vårdsberg elay: Ca—NH 4 , Ca—K, and Ba—Mg. 

Mg-, Ca-, and Ba-resins were prepared from the Il-resin, to which 
a small volume of distilled water was added, by nentralization with 
a (jal(*ulated amonnt of MgO, CaO and Ba(OH )2 + SHgO p. a. The 
fläsks (‘ontaining 250 g resin^were shaken now and then for one 
month. Sinee Wofatit K is a strong acidoid, also MgO and CaO are 
(lissolved in a comparatively short tirne. The equilibrium solution 
was found to be acid on addition of MR. After decanting, the resin 
was dried at 35—40^^ C. The contents of exchangeable ions were 
(‘ontrolled by replaeement with H(3. 

La-resin was prepared by adding LaClg in surplus to the H-resin. 
One day later the resin was transferred into a glass filter funnel 
and leached with additional LaClg solution. After washing with 
('Og-free distilled water until there w^as no reaction for chlorides, 
tlie resin was dried at 35—40"^ C. The contents of exchangeable La 
in the resin were determined by replaeement with HCl. 

The resiiis saturated with the other ions were not prepared in 
tlie ways mentioned; the ions were entered into the systems by 
iieutralization of the Il-resin and the OH-resin with hydroxide and 
acid respectively in the reaction fläsks. 

The experiments with Wofatit K were arranged in the following 
way. The H-resin and the resins saturated with metal cations 
were weighed into fläsks and then the caleulated volume of distil¬ 
led water and hydroxide Solutions were added. The amounts of 
adsorbed bases were caleulated to equal 199.7 m.e./lOO g dry H- 
resin. After 24 hours with repeated shaking, HCl equal to 400% 
of the m.e, exchangeable bases was added. The total solution volume 
was everywhere 100 ml /6 m.e. added bases. By such an experimen- 
tal method it was possible to keep constant the concentration of 
the exchanger in all the series as well as the total concentration of 
exchangeable ions and that of the replacing electrolyte. The only 
variable was the mutual degree of saturation, which varied for both 
of the ions in general between 10 and 100 %. The concentration of 
HCl was caleulated to keep the total replaeement somewhat abo ve 
'^>9%, which made the analytic results more reliable than in case 
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of a lower porcentage replacement. After seven days witli shaking 
for some hours every day, filtration took place, at which the first 
portion was discarded. In the filtrate the pH was determined by 
the glass eleetrode and analysis was carried out as to the eontents 
of the two ions replaced. 

Tn a few series some changes were made in the neutralization 
degrec of the resin, but this will be treated in conneetion with the 
aeciount of the experimental results. 

The experiments with Wofatit M were earried out in a similar 
way. The Cl- and S 04 -ion 8 were entered by neutralization of OH- 
resin with HOl and H 2 SO 4 in the reaction fläsks in an amount of 
the two ions equal to 167.6 m.e./lOO g dry ()H-resin. The total 
solution volume was 25 ml/m.e. acid added. After 24 liours with 
repeated shaking, NaOH equal to 60% of the m.e. Cl- and SO 4 - 
ions was added and then the procedure was the same as that men- 
tioned abo ve. 

The permutite was eleetrodialysed for two months. Fraetions 
between 0.2 and 0.6 mm were selected by sifting and used in the 
experiments. The H-permutite was saturated with Na, K and 
NH 4 by direct addition of the eorresponding hydroxides into the 
reaction fläsks. The eontents of bases everywhere amounted to 
60.0 m.e./lOO g H-permutite and the solution volume to 30.0 ml/ 
m.e. metal cations. After a shaking-time of four days an amount 
of HCl equal to 60 or 65 per cent of the cations entered was added. 
After another eleven days’ shaking it was filtered through membrane 
filters (fine); the filtrate was analysed and pH determined. 

The series with Vårdsberg clay was mainly carried out in the 
way described for the Wofatit K. The eleetrodialysed soil was neu- 
tralized in the reaction fläsks with the caleulated amounts of hy- 
droxide. The appropriate degrees of saturation of the soil were ob- 
tained from the neutralization curves (fig. 25). The soil was satura¬ 
ted with 20.0 m.e. K and NH 4 resp., 23.0 m.e. Ca, and 24.0 m.e. 
Ba /100 g H-soil. The Mg-soil was prepared in the same way as 
the La-resin. The eontents of Mg were somewhat low and amoun¬ 
ted only to 12.82 m.e./lOOg H-soil. After 24 hours’ shaking HCl 
equal to 60% of the quantity of exchangeable cations was added. 
The total solution volume amounted to 50 ml/m.e. metal cations. 
After another seven days’ shaking, it was filtered through membrane 
filters (fine); the further procedure was identical with that men- 
tioned before. 

Huplicates were often made with the different exchangers. 

4. Analytical Methods. 

A short description will here be given of the analytical methods 
which were applied for the determination of the different ions in 
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as miieh as they are not mentioned before. In case of great dilution 
of some fil trätes as to a certain ion in a series, evaporation took 
place, 80 that all analyses in a series were made in equally large 
volumes. When the coneentration of NH4CI, on account of the 
evaporation, grew very high, this salt was destroyed by fuming 
or by oxidation with aqua regia according to Hillebeand and 
Lundell (1929). In the filtrates from the series with soil and per- 
mutite, the SiOg was, when present, fumed away by means of hydro- 
fluorio aeid. The small amounts of the sesquioxides were then pre- 
( ipitated with NH3 at pH 6, before the ensuing analyses. 

In the filtrates from the Li-series, eontaining only NH4CI and 
HCl besides LiCl, Li was determined by addition of H28O4 to the 
filtrate and evaporation to dryness; the ammonium salts were 
then fumed away. After cautious ignition, addition of H2SO4, and 
repeated ignition, the salt, 1^2804, was weighed. 

In the K-(^a-series repreeipitation of KCIO4 took place in (‘.ase 
of high ('a-coneentration and low K-concentration. 

Before the determination of Mg in the Oa-Mg series, Ca was re- 
inoved by precipitation as oxalate and then repreeipitation ac¬ 
cording to Kolthoff and 8andell (1943), whose method aims to 
avoid (o-preeipitation of Mg. Mg was then analysed as mentioned 
before. lii determining (^a repreeipitation was earried out in the 
systems eontaining small amounts of Mg, and two repreeipitations 
when the coneentration of Mg was greater. 

Before the analysis of Mg in the Ba-Mg series, Ba was removed 
by precipitation with H28O4. Ba was estimated as Ba804 aceor- 
ding to Hillebeand and Lfndell (1929). 

La was determined as La2(8()4)3 by the addition of H28O4 in 
surplus to the filtrate; evai)oration followed and the ammonium 
salts were then fumed away. After that ignition up to 700° C ensued. 

Sulphate was preeipitated as Ba804. The Solutions eontaining 
Na-ions in addition to 8O4- and Cl-ions were filtered through a 
column of H-saturated resin; at this all the Na-ions replaced H- 
ions, and the filtrates consequently came to contain only H2SO4 
and HCl. H28O4 was then determined by precipitation with BaClj. 
The contents of Cl were determined by precipitation with AgNOj, 
followed by drying and weighing as AgCl according to Hille- 
brand and Lundell (1929). 

5. Experimental Results. 

In order not to burden the context with too many tables the 
results of the different ion exchange series have been summarized 
in a few tables, in which only the quantity of cations added and 
the pereentage of ions replaced at the corresponding de^ees of 
»saturation have been recorded. The details given in Experimental 
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Methods enable, however, the reader to collect an exaet information 
about the arrangement of the different series. When the resnlts 
are presented graphically, the numbers of the figures are given in 
the tables. The degrees of saturation with the ions in question were 
generally made 100, 90, 70, 50, 30, and 10% of the metal cations 
added. In every series the variation of the pH in the equilibrium 
solution was but inconsiderable and the pH-values are therefore 
not tabled. 

A. Replacement of cations from acidoid resin. 

The resnlts from the different series are to be found in table 21. 

a) Series Li~NH^, As appears from table 21 and fig. 35 the release 
of NH 4 decreased but that of Li increased with falling degree of 
saturation. Below Du =30% the replacement of Li grew rapidly. 
The fact that the release at Du “10 became c‘omplete, may be 
due to the fact that Li was determined in a large volume of the 
filtrate and that the weighed Li 2 S 04 therefore contained small 
amounts of impurities emanating from the resin. Tlie entire Li- 
curve would eertainly have been steeper, if the release of Li at D = 
100 had not amounted to 83%. Considering that fu is appreciably 
greater than /nh 4 in not too dilute Solutions, the result is in full 
agreement with the theory presented above. 

b) Series Na—NH^, The relation between replacement and degree 
of saturation for Na and NH 4 is similar to that for Li and NH 4 
save for the fact that the slope of the curves is smaller. These con- 
ditions conform very well with the theory, since/ no:/nh 4 ^ l.öl 
(calculated from /nh 4 and /k in part VII) and fu : /nh 4 > /nh : /nh 4 - 

c) Series K—NE^, The release of NH 4 differs from that in the 
previous series by an increasing replacement with falling degree 
of saturation. On the other hand, the K-curve decreases somewhat 
when i>K diminishes. These conditions are in good agreement 
with the conception that the activity coefficient is in a high degree 
the determining factor for the relative exdiangeability of an ion. 
Tn not dilute Solutions /nh 4 :/k >1. As found in part VII this. 
ratio in resin was 1.30. 

d) Series Mg-NH^ 

e) Series Ca—NH^ 

f) Series 

g) Series La—NH^ 

It appears from table 21 and figure 36 that the replacement of 
NH 4 grows with falling degree of saturation. This relative increase 
of the replacement grows with the complementary ion in the order: 
Mg < Ca < Ba < La. As a matter of fact the activity coefficient 
of the complementary ions decreases in the same order. As may 
be expected, the release of Mg, Ca, Ba, and La at i> = 100 lies in 
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Table 21. The replaeement of adsorbed iom on addition of HCl at 
varying degrees of saturation. Replaced iom in per cent of total amount 
of the ion in question» The resin saturated with 199,? m.e.jlOO g 

dry H-resin. 




Degree of saturation in % of total ’ 

— 

j Series 

Saturating 



added cations 



Figu- 
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Fig. 37 . Tli(‘ influoiioo of tho complementary ion and the degree of saturation oii 
tho roloöRo of NHj plottod from table 21 . ^Li’ ^ etc*, mean the 

compleinentary lons. 


tho rovorsod ordor and tho percentago release diininishes with fal- 
ling Z> in the sequenoo: Mg < (^a < Ba < La, whi(*h is in oomplete 
a(‘oordaii<*e with tho fchoory. 

h) Series Ca—K, In order to study if Ca—K would behave as 
Ca“NFr 4 , the former ion combination was also included. By com- 
pariiig the series e) and h) in table 21 it appears that they gave 
similar results as was also to be expeoted. In agreemont witli the 
faet that K has a greater adsorption power than NH 4 , the replaced 
amounts of K wero smaller than those of NH 4 and the increase of 
the values was sornewhat less for K than for NH 4 . As a consequence 
of this the replacement curve of Ca was sornewhat steeper in the 
Oa—'isH 4 series than in the Ca—K series. 

In fig. 37 the NH 4 released in the series a—gm presented. In 
the figure it is very clearly shown that the natiire of the comple- 
mentary ion and the degree of saturation exercise a very great 
influenoe on the percentagc release of an ion. When the /-value 
of the onmplementary ion, /r, is less than the /-value of the ion 
studied (/lu, /be, /ca? /mk, /k < the replacement curve of the latter 
rises, but when fc is greater (jfNa, fu > hué) the curve descends with 
decreasing saturation. The relative effeet of the ions included here 

10 ^ 46590 Lantbrukshögåkolami Ann>aler. Vol. 14 
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Table 22 . Replacement of Ä, Mg, and Ca from resin mturated 

with Ca-Mg and Ca-NH^ resp, on addition of HCL 


Series 

Added K ni.o. 

9.605 

69.80 

27.15 

15.51 

11.63 

5.817 


1 

Figii- 1 


.> NH4 »> 

— 

5.476 
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63.3 

60.3 

57.8 

— 


38 j 


» NH4 


— 

69.8 

67.4 

64.8 

61.9 

60.9 

38 1 

j 

Added Oa m.e. 

7.935 

57.13 

22.22 

11.11 

9.522 

6.348 

_ 


» Mg » 

— 

5.444 

8.166 

9.527 

19.05 
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38.8 i 

14.5 ; 

0 

1 ! 


>> » » NH4 

1 0 i 

7.6 1 

1 22.5 

41.0 

1 61.2 

85.5 ! 

100 

1 


Replaced Ca... 

47.9 

43.9 1 

[ 36.0 

27.1 

19.1 

12.6 


•10 


» NH4 .1 


75.9 

72.6 

68.5 

62.9 

1 58.7 ; 

55.1 

40 


on the exchan^eability of the ^^H 4 -ion has the followiuK order: 
K<Na<Li; Mg<Ca<Ba<La. The effect of K is least and that 
of La greatost since /nh4 : /k is nearest. 1 biit /nh4 : /lh widest from 1. 

Besides the series given in table 21 tliree series were made, where 
the neutralization degree of the H-resin was varied with regard to 
the two ions. The total amount of the two exchangeable metal 
cations deereased successively from one end of the series to the 
other. The arrangement of the experiments as well as the results 
are shown in table 22 and figures 38, 39 and 40. 

i) Series K — NH^, The H-resin was saturated at Dk == 100 
with 268.4 m.e. K and at 1 >xh 4 = 100 with 179.6 m.e. NH 4 per 
100 g dry matter. As is evident from table 22 and figure 38 the 
replacement of K at D “ 100 became greater than that of XH 4 . 
This is, however, explained by the fact that the neutralization degree 
as to K is much higher than with regard to NH4. As was the case 
in series e, where the amount of K I- NH4 was eonstant, the re¬ 
placement of K deereased but that of NH 4 inereased with falling D; 
however, it is to be noticed that the deeline of the K-curve as well 
as the rise of the NH 4 -curve became considerably greater in series 
i than in c. 

j) Series Ca—Mg, The H-resin was saturated at Dca — 100 
with 209.7 m.e. Ca and at I>Mg == 100 with 180.3 m.e. Mg. Table 
22, figure 39. In this series the degree of saturation influenced the 
replacement to a great extent. When D = loo the difference be- 
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tween replaced and Ca was only 0.9%, but when i> “ 10 tlie 
differoncM* was about 80.6%. 

k) Series Ca —The H-resin was sutiirated at Z>oa “ 100 
with 239.6 in.e. Ca and at Z>nh 4 — 133.1 m.e. Nll 4 . Table 

22 , fi^ure 40. From the results in this series it appears that the 
repla(‘ement of KH 4 ^rew and the repla(‘ement of Ca decreased 
<*onsiderably more than in series e. Thus the NH 4 -release was 20.8 % 
^(reater at D -- 7.6 than at i) — 100. The eorresponding inerease 
in series e was about 7 %. (Vmsequently, the varying neutralization 
degree of the resin strongly influeneed the release of NII 4 and Ca. 

The following ^?eneral conelusions (»oneernin^j: the release of ad- 
sorbed ions in the resin can be drawn from the results of the several 
ion combinations. The relative exehan^^eability of an ion, M is 
dependent: 

1 . 011 its own nature, 

2 . on the de^ree of saturation with tliis ion, 

3. on the nature of the eomplementary ion (l/g) and 

4. on the degree of neutralization of the r(‘sin. 

When the de^?re(» of Mi saturation deereases^ t he exdian^^eability 
of this ion may inerease, be unehaiifjed, or deer(‘a 8 e. What will 
happen is determined by the relative nia^nitude of tlie aetivity 
(‘oeffieients of the two ions. The relative exehangeabiliiy will grow 
if fjsii > /.liai vnehanged ij — /^/g, aiid it will deerease if 

fMi < / m 2 - 

When fMi > /iUg and when the saturation degree of the resin 
with rej^ard to Ifj (at = 100 %) is less than with re^ard to 
lf 2 (at I)m 2 — 100 %), the exelian^eability ^rows more rapidly with 
fallin^r Dmi than wdien the* saturation degr(»e is equal. Jn the 
euse of dissimilar valenee of the ions, the inerease or deerease of the 
exehan^?eability be(*.()ines greater than when the ions are homova- 
lent. 

Sinee it is possible to apply the law of mass aetion to the resulting 
distribution of cations between solution and (»xehanger in the ex¬ 
periments above, this will be done here for some of the series. The 
rnass law, as it lias generally been used, may be expressed for homo- 
valent ions by tlu* formula 


, [Na] 
Mk [K] 


or — ksi\ • K ■ 


• 1 / 

Mk„ 


(25) 


and for monovalent and bivalent ions by 

KLCa] 

-jfK [KJ 


(26) 
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where bracket den otes concentration in the solution, M adsorbed 
amounts of the ions in m.e. respectively, Ic the exehange eonstant 
and 0 outside solution. 

By comparirig these formulas with the eorresponding: Donnan 
formulas in part VII, it appears that 


^Na.K — 


/k„ • /N«i 


and 


ICCfiK 


/c;«i • /k„ • 




where o and i signify the outside and the micellar solution respec¬ 
tively and V the volume of the micellar solution. If in formula (26) 
the concentration is substituted by the amount of eations in solu¬ 
tion and the expression for Jc is inserted, the following general 
formula is obtained: 




where V deiiotes the volume of the outside solution. It is to be 
noted that M and v refer to the same amount of the exchanger. 

From the expressions above it appears that for monovalent ions k 
is not dependent on the volume of the micellar and outside Solutions 
and that it is a real eonstant only if the activity coefficients do not 
change when the concentration is varied. Coiisidering monovalent 
and bivalent ions, it is evident from formula (27) that the magnitude 
of k is deterrnined in addition to the /-values by v and Still, V 
may be kept practically eonstant. As mentioned before, v changes 
with the charaeter of the exchanger and even somewhat with the 
kind and concentration of tlie ions. Therefore, it is rarely possible 
to attain constants that are valid for different exchangers even 
if these have a homogeneous micellar solution and do not show 
any peculiarities in their exehange reaetions. The variation of the 
activity coefficients allow the same conclusions. The &-value of a 
certain exchanger, in which all exchanging groups are accessible 
to the ions and which shows no specific reaetions, can vary only 
to the extent that /, v and V change with a variation of the ion 
(*oncentration. From what has been said, it is apparent that k must 
vary the less, the more similar the activity coefficients and the 
hydration of the ions. 

The exehange constants have been computed for the ion com- 
binations in series a—^f in table 21 according to formulas (25) and 
(27). From the table the following appears: 

1. The fe-values for the monovalent ions change but slightly, despite 
the faet that the concentration ratios vary between 9:1 and 
1:9. The change in fe inerease in the order: K-I7H4 < !Na-!NH 4 
< Li-I7H4. As was to be expeeted fexrNHi is practically eonstant. 
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2 . The ehange in Ic for monovalent and bivalent ions is greater, 
and inereases in the order: Mg-!NrH 4 < Ca-NH 4 < Ba-NH 4 . 

3. h inereases in the sequence: Li < Na < K < Mg < Ca < Ba, 
thus indicating a growing replaeing i)ower in the same order. 


B. Replacement of SO 4 - and CUions from basoid resin, 

The results from the exe.hange in the 804 - and Ol-satiirated resin 
are to be found in table 23. 

Table 23. Replacement of SO 4 ^ and Cl in % of iotal from resin saturated 
with SO 4 and Cl in varying degrees. Replaeing electrolyte was NaOB, 
Adsorhed 80 4 f Cl == 167.6 m.e.jlOO g dry OH-resin. 


.. 1 

Added 804 .! 

« 

27 



0 ' 

4 

1 

1 

1 

» Cl » . 


^ i 

6 

8 


36 

4 i 

Dogr. of »at. SO4. ., . 

100 

90 1 

70 1 

60 

30 

1 

« ! 

» » » (1 . 

0 

10 i 

30 

60 

70 

1 90 

100 ! 

Heplaced SO4. 

60.5 

68.1 , 

53.0 1 

47.5 

39.5 

29.3 

_ 1 

» 01. 

— 

76.1 ’ 

74.0 

73.4 

71.3 i 

66.1 i 

62.0 1 


From table 23 it is evident that the (U-ions were replaced the 
stronger but the 804 -ions the weaker, the lower the degree of satiira- 
tion. It appears that even the exehange of anions from basoid resin 
follows the prineiples established for the eations in the aeidoid resin. 


C. Replacement of eations from permutite. 

With this material two series were made, the ion combinations 
of which were: NH 4 —Na and K—Na. The results are presented in 
table 24 and figures 41 and 42. 


Table 24. Replacement of RH 4 , K and Na in % of total from per¬ 
mutite on addition of HCl. Adsorbed NH^ + Na and K + Na resp. 
“ 6 O .0 m.e.jlOO g H-permutite. 


Series 

Adtled NH 4 m.e. 

4.8 

10.8 

6.3 

47 

2.7 

2.4 


Figu- 


» Na » .... 

— 

1.2 

2.7 

4.8 

6.3 

21.6 

1.8 

res 

a 

Dogr. of sat. NH^ .., 

100 

90 

70 

50 

30 

10 

0 



» » » Na .... 

0 

10 

30 

50 

70 

90 

100 

41 


Replaced NH 4 . 

68.4 

55.7 

49.8 

42.0 

32.4 

20.8 

— 

41 


» Na. 

— 

89.6 

85.3 

81.8 

76.7 

69.3 

64.5 


b 1 

Added K m.e. 

4.8 i 

10.8 

1 

6.0 

3.0 

_ 

1 




i » Na » . 

— 

1.2 

4.2 

15.6 

1.8 





Degr of sat. K. 

100 

90 

58.8 

16.1 

0 





» D » Na .... 

0 

10 • 

41.2 

83.9 1 

100 





j Replaced K. 

53.7 

51.5 

38.7 

18.4 

— 

1 


42 


» Na. 

— 

98.4 

84.7 

68.1 

68.7 

1 


42 
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i) 20 40 60 80 100 0 20 40 60 80 100 

Dogroe of saturation per cent Degrec of saturation per cent 


Fig. 41. The influenoe of the degree Fig. 42. Replacemont of K and Na 

of saturation on the replacement of from permutite, series b, table 24. 

NH 4 and Na from permutite, series 
u, table 24. 



Degree of .saturation per cent Degi’ee of saturation per cent 

Fig. 43. The influence of the degree Fig. 44. Replacement of Ba and Mg 

of saturation on the replacement of from soil, series d, table 25. 

Ca and NH 4 from soil, series b, table 25. 

a) Series — Na. HCl added in amounts of 66 % of adsorbed 

NH 4 f Na. As appears from table 24 and figure 41 the replace¬ 
ment of Na and NH 4 was greatly influenced by the degree of satura¬ 
tion. 

b) Series K — Na. HCl added in amounts of 60 % of adsorbed 
K -f Na. As shown from table 24 and figure 42 the Na-replacement 
inoreased by not less than 40 % when the degree of saturation was 
reduced from 100 to 10 %. On the contrary the release of K di- 
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minished by 35%, when D fell from 100 to 16%. It is of interest to 
comparo the results from the two series. As may be expeeted, the 
Na-eurve is steeper, wben Na is eombined with K than wlien com- 
bined with NIT 4 . In a^?reement with this the enrve of K des(*ended 
more rapidly than that of NH 4 . These results are in harmony with 
the fact that /^a : /K>/Na : /nh 4 - 


D. Replacement of cations from Vårdsberg clay, 

The results from the series the ion eombinations of whieh were 
(^a—NH 4 , Ca—K, and Ba—M^r, are presented in table 25 and 
figures 43 and 44. 


Table 25. Eelease of K, Mg^ Ca, and Ba on addition of HVl 

from Vdrdsberg clay saiurated with Ca — Ca —iT, and Ba—Mg 

respeetively, 


Series 

Added Ca m.e. 

2.3 

12.19 

4.6 

2.3 

2.3 

1.84 


Figu- 


» NH 4 » . 

— 

1.40 

2.0 

2.4 

5.6 

17.40 2.0 

1*68 

a 

Degr. of sat. Ca . ... 

100 

89.7 

69.7 

48.9 

29.1 

9.6 



» » » NH 4 .. . 

0 

10.3 

30.3 

51.1 

70.9 

00.4 

100 


Replacod Ca. 

57.4 

56.4 

52.2 

46.3 

38.4 




» NH 4 . 


07. J 

68.4 

67.2 

65.5 

.59.7 

58.3 


» NH 4 oor- 







) 


rected for fixation .. . 


79.0 

72.2 

69.4 

67. l 

60.8 

59.3 

b 

Added ('a m.e. 

2.5 

]3.2.'> 

5.00 

.3.7.5 

2.5 

2.0 

1_ 


» NH 4 » . 

— 

1.50 

2.25 

3.75 

6.0 

18.3 

3.0 



Degr. of sat. Ca. 

100 

89.8 

69.0 

.50.0 

29.4 

9.0 

0 



» » » NH 4 .. . 

0 

10.2 

31.0 

.50.0 

70.6 

90.1 

100 



Replaeed Ca. 

57.7 

56.4 

.51.9 

46.5 

38.3 

29.1 

"" 



» NH 4 . 

— 

67.2 

68.2 

67.5 

64.4 

OO.o 

57.9 

43 


» NH 4 ror- 










rected for fixation .. . 


78.8 

72.1 

70.1 

66.4 j 

62.4 

59.3 

43 

c 

Added Ca m.e. 

t 

17.48| 

6.44 

3.45 

3.45I 

1.84 




»> K .> . 

1 

2 . 00 ; 

j 2.8oi 

3.00 

8.40 

17.40 

2.4 



Degr. of sat. Ca. 

100 

89.7 ' 

69.7 

48.0 1 

29.111 

9.0 

0 



» » » K. 

0 

10.3 1 

|30.3 1 

51.1 i 

70.89 

90.4 

100 



Replaeed Ca. 

.57.7 

57.8 

155.5 

51.6 ' 

144.0 ! 

32.5 

— 

1 


» K. 

— 

59.4 

66.3 

67.2 

j 67.2 

63.3 

58.7 



» K correct- 





1 





i ed for fixation. 

1 

77.1 

72.1 

70.0 

69.7 

65.2 

60.0 


d 

Added Ba m.e. 

2,4 

1 

13.Ö20 

8.40 

3.60 

3.600 

! --- 

_ , 


» Mg » . 

— 

1.282 

3.59 

3.59 

8.333 


1.923 


Degr. of sat. Ba . 

100 

91.6 

70.1 

50.1 

30.2 

— 

0 ' 


» » » Mg .... 

0 

8.4 

29.9 

49.0 

69.8 

— 

100 


Replaeed Ba . 

55.0 

55.1 

50.5 

1 46.3 

40.2 ; 

— 

— 

44 


» Mg. 

— 

90.9 

73.8 

1 67.9 i 

63.0 1 

— 

54.8 

44 
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a) feries Ca —At Dca = 100 the clay was satiuated with 
23.0 m.e. Ca and at jDnhi = 100 with 20.0 m.e. NH 4 . åb shown 
in table 25 a, the relationship between the degree of saturation and 
the replacement of Ca and NH 4 was mainly the same as in the resin. 
NH 4 was the only exception at the lower degrees of saturation. 
When D fell below 50 the replacement increased but slowly, reached 
its maximum at 2> == 30, and then deereased somewhat. The ex- 
planation of this is probably that part of the added NH 3 must 
be supposed to be so strongly fixed by the organic matter of the 
soil that it is not directly replaceable with HCl. Even though such 
a fixation may be small, it will, however, cause a very much greater 
percentage decrease of the replaceable NH 3 at low degrees of satura« 
tion than at high degrees. As proved by Mattson and Koutlbr- 
Andersson (1943) humus is, under soil conditions, able to fix 
exchangeable ammonium to a considerable extent. 

In order to find oiit to what an extent NH 3 is fixed by the Vårds¬ 
berg clay, the following experiment was carried out under eondi- 
tions which as nearly as possible eorresponded to those of the ex¬ 
perimental series. To 8 g of soil distilled water and NH 3 correspon- 
ding to 20.0 in.e./lOO g soil were added. The volume of solution 
added was 80 ml. After shaking for 24 hours, the ammonia was 
distilled with MgO. The average of two determinations showed 
a fixation of 0.36 m.e. NH3/IOO g soil. It is very probable that 
this value is less than if the replacement had heon made witli HCl 
as was the case in the experiments. On the other hand, the low 
ammonia concentration in the systems with low NHg-saturation 
degrees will certainly cause a diminishing fixation. A correction 
of the NH 4 -replacement values given in table 25 with regard to 
fixed ammonia will therefore be somewhat unreliable; still it is of 
interest from a qualitative point of view. It appears from the cor- 
rected values in the same table that the release of NH 4 grew with 
falling D in agreement with the theory. 

b) Series Ca —The preceding series was repeated, but with 
the modification that the soil was saturated with 25.0 m.e. Ca at 
I>ca = 100 and with 15.0 m.e. NH 4 at I>nh 4 “ 100 . The results 
appear from table 25 b and figure 43. The values corrected for NH 3 - 
fixation are also recorded. The results in this series are very si¬ 
milar to those in series a. The slightly marked maximum of the 
NH 4 -curve disappears after the correction. The fact that the 
neutralization degree was changed in the two series did not result 
in any obvious differences in the replacement values as in the case 
of the resin. This may be explained by the fact that, the clay having 
weak acidic properties, all added HCl was consumed by the ex- 
change reactions, which was not the case in the resin. 

c) Series Ca — K. The soil at i>ca = 100 was saturated with 
23.0 m.e. Ca and at i>K = 100 with 20.0 m.e. K/100 g H-soil. As 
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showii in table 25 e the resulta from the replaeement of Ca and K 
are similar to those in the series with Ca and NH 4 . The K release 
approaehes a maximum and then deereases (‘-onsiderably. In order 
to aoeount for this the possible fixation of K was studied. That K 
is often fixed in a nonexchangeable form is a well-known fact. 
The K fixation was studied in the following way. 

To 10 g H-soil distilled water and 2.000 m.e. KOH were added. 
The suspension was shaken for 24 hours, whereafter HCl equal to 
00 % of the KOH was added. The total solution volume was 111.8 
ml. Af ter shaking for a week, the soil — iip to this time treated as 
in the experiments — was leached on a filter with 300 ml 0.5 N. 
NH 4 ri in small portions. After fuming away dissolved SiOg with 
HP, the filtrate was analysed for K by precipitation with HCIO 4 . 
As an average of two determinations the value of fixed K amounted 
to 0.54 m.e./lOO g soil. 

From the table it is evident that the eorreetion of the K-replaee- 
ment values resulted in the disappearanoe of the maximum and a 
distinot inerease of the values. 

d) /Series Ba — Mg, The H-soil was saturated with 24.0 m.e. 
Ba at i>Ba =-■ 100 and with 12.82 m.e. Mg at Dug -- 100. Table 
25 d and figure 44. The falling degree of saturation led to a very 
marked inerease (36%) of the Mg-replacement and a eorresponding 
deerease of tlie Ba-repla(‘.ement. This is in good agreement with 
the theory and with the results from the resin. 


6. Conciusions. 

As it appeared from the experiments, the results from the many 
different ion exchange series showed a qualitatively good .agree¬ 
ment with the theories presented in spite of the great difference 
in nature of the ion exchangers. The aeidoid and basoid resins as 
well as the permutite and the mineral soil behaved in the same 
way: The percentage replacement of an ion is dependent partly on 
its naturej partly on the nature of the complementary ions, and partly 
on the degree of saturation with the ions in question. If the mutual 
replaeing power of two ions is different, the exchangeability of the 
ions may deerease or inerease with a change of the relative propor¬ 
tions of the ions. Tf the ions are heterovalent, an additional faetor 
Avill be the valence effeet as governed by the concentration of 
the micellar solution. The present study shows, both by theory 
and by experiments, that the widely accepted conclusion that the 
exchangeability of an ion is decreased by the presence of comple¬ 
mentary ions is far from having general validity. While this con- 
ception applies to certain of the adsorbed ions, it does not apply 
to the others, the relationship being governed by the faetors dis- 
eussed above. 
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The results obtained are of interest from many poiiits of view and 
this is especially true of the nutrients in the soil. When only very 
small fractions of the exchangeable ions are removed from the soil 
partieles, as is usually the case in the soil, the theory should apply well. 

In many soils the nutrients are leached out more or less. In view 
of the faet that the exchangeability of an ion is determined by the 
above-mentioned factors, it is evident that the ions should be lea- 
ehed out to a varying extent under different conditions. In normal 
soils the (»omplex is principally saturated with Ca which has a 
great replacing power as compared to that of some of the other 
exchangeable ions. As a consequence of the complementary ion 
principle and the effeet exerted by the degree of saturation, Ca 
should become the more difficult to displace, the lower the Ca- 
saturation. On the other hand, the ability of Ka to be leached out 
is greater at a low degree of saturation than at a high one, which 
probably c^xplains the generally low Ka contents in soils. Mg and 
K will take an intermediate position. 

Siieh factors as the relative contents of exchangeable ions, the 
<legree of saturation, and the concentration of the micellar solution 
which have proved to be of importance on the replacement of ad- 
sorbed ions, naturally enough, will also influence the adsorption 
of ions on addition of eleetrolytes. On irrigation with saline water 
these factors must (»onsequently be of importance for judging the 
ensuing adsorption and replacement processes. The importance of 
the degree of basc» saturation in this connection is to be seen in an 
experiment by Ayres (1941). On percolating two Hawaiian soils 
of various Ca—H-saturation degrees with 0.001, 0.01 and 0.1 K. 
KCl, the K-adsorption from the 0.1 K. solution increased strongly 
with growing (^a-saturation. This is probably due to a greater re¬ 
placing power of H than of Ca in the two soils. However, in 0.01 K. 
solution the inerease was less and in 0,001 K. only slight, which 
for the rest may be interpreted as a marked consequence of the 
valence effeet on dilution. 

Considering the great influence which in the present experiments 
api)eared to be exerted by the kind of the complementary ion and 
the degree of saturation on the exchangeability of a eertain ion, one 
might expect that the availability of nutrients to plants should 
also be affeeted by these factors. However, it will be difficult to 
decide exactly to what an extent a variation of the relative ex¬ 
changeability of the adsorbed ions in the soil might be reflected 
in the contents of the plants of the nutrients in question. Accor- 
ding to Lunbbgåedh (1942) plant roots possess such a strong 
absorption energy with regard to nutrients that the retarding 
power of soil colloids is of little or no importance. 

Most probably the adsorption of ions by soil colloids is but 
one of the many factors which affeet the uptake of nutrients and 
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(letermine the ainounts of these eontained in the plant. If the re- 
lative magnitude of the faotors shows variations in different soils, 
the complementary ion effect may make itself felt in eertain eases 
but not in others. On the other hand, a ehange of the de^?ree of 
saturation may be expeeted to yield a more x>ronouneed effect. 
]n this connection the studies on uptake of nutrients and on ^rowth 
as made by Horner (1936), Yarussov (1938), and Marshall (1944 b) 
are of special interest. Horner found that the Ca-absorption by 
soy-beans increased with a growing degree of Ca-satiiration at a 
constant Ca-level. He was also able to establish that the ability of 
the plants to take up Ca is affected by the amount and the repla- 
eing power of the other adsorbed ions. Analogous results were 
obtained by Yarussov in experiments with beans. The results of 
both the authors are in good agreement with the conelusions, to 
be drawn from the experiments discussed above, coneerning the 
influence of the complementary ions and the degree of saturation 
on the availability of an ion. However, the results obtained by 
Marshall indieate that the complementaTy ion prineiple does not 
always govern the uptake of nutrients; as pointed out above, this 
result is to be expeeted. 

In a recent paper Mehlich and Colwell (1946) have dernon- 
strated that peanuts absorb more Ca from kaolin-sand inixtures 
than from montmorillonite-sand mixtures at the same Ca-level 
and degree of saturation of the two minerals. Similar results have 
previously (1943) been found with (*otton and soybeans. These 
results are interesting for the present investigation, beeause they 
support the theory that the concentration of the micellar solution 
affeets the relative exchangeability of heterovalent ions, ef. fig. 34. 
Aceording to this, Ca should be more easily replaeed from kaolin 
than from montmorillonite, since the former mineral has a more 
dilute micellar solution than the latter. Tn consequenee, the plants 
are able to take up more Oa from kaolin than from montmorillonite. 

Certain investigators appear to have confused the coneeptions: 
exchangeability of an ion, suitably expressed as percentage replaee- 
ment, and the quantities of the ion in question available for the 
plants. Irrespective if the exchangeability of an ion decreases, re- 
mains unchanged, or grows with falling degree of saturation, the 
total exchangeable amount of the ion naturally decreases and, by 
this, the possibility for the plants to satisfy their needs, in case the 
degree of saturation diminishes. If for instancie the contents of 
exchangeable K in the soil drop to a tenth of the original value, 
the exchangeability may remain unchanged or probably grow a 
little. For the plants, however, it will be much more difficult to 
take up a certain quantity of K since in the latter case the contents 
of the complementary ions in relation to K have become 10 times 
greater and, by this, their competitive power with regard to the 
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exchanging ions, which are active in the process of nutritive uptake, 
has increased by about 10 times. In order to absorb the same amount 
of K the plant must therefore produce much more carbon dioxide 
at the" lower K-saturation degree than at the higher degree of sa- 
turation. 

An interesting problem to be diseussed in the light of the results 
found here is the effect which a neutralization of an acid soil by 
liming may exert upon the exchangeability of the nutrients. Jenny 
anel Ayers (1939) assert that a substitution of Ca for H in the soil 
should render K more available. On the contrary Bray (1942) 
vindit*ates that such a substitution must result in a decreasing re- 
lative release of the other ions. 

(k)ncerning t his problem one can maintain that, paradoxicaUy 
enough, (‘ither conceptions may be eorrect in certain cases but in- 
correcl in other cases. No fornmla and no single experiment can 
give a definite answe^r to this question since the conditions may 
vary from soil to soil. This is explained by the fact that the re- 
pla(*ing power of the H-ion in relation to that of the Ca-ion varies 
with the nature of the soil colloids. As proved by Schachtschabel 
(1940) 11 lias a less replacing power than Ca in montmorillonite. 
In inany other materials the opposite conditions hold as demon- 
strated above. Consequently, in a montmorillonitic soil a replace- 
ment of H with Ca should, according to the theory presented, be 
followed by a greater exchangeability of the eomplernentary ions. On 
the other liand, when the Jl-ion is more strongly adsorbed than Ca, an 
<"xchangc* of H for Ca should cause a decreasing exchangeability of the 
other ions and, theoret.ically, render them more iinavailable to plants 
as far as this factor is concerned in the uptake of the nutrients. 

On account of the eomplernentary ion principle and the effect 
of the degree of saturation, the time necessary for complete replace- 
ment of an ion is dependent in a high degree on the kind of the 
active ion. Adsorbed ions, the adsorption intensity of which is 
lower than that of the replacing ion, are rapidly removed, while 
adsorbed ions with an adsorption intensity greater than that of the 
active ion are the more difficult to remove, the lower the degree of 
saturation. Being weakly adsorbed in strong acidoids (cf. part V) 
the H-ion is therefore no ideal replacing agent in such an exchanger. 
In weak acidoids, on the other hand, the H-ion is very effeetive in 
displacing adsorbed ions. 

Continued investigations into the problems diseussed here are 
planned, especially eoncerning the exchange conditions at very low 
degrees of saturation, the effect exerted by varying concentration 
of the micellar solution on the exchangeability of heterovalent 
ions, the replacement conditions when hydrogen is the comple- 
mentary ion, and the exchange conditions on replacement with 
ions other than hydrogen. 
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X. Summary. 

Part IL 

A distinction has been drawn between the concept of the cry- 
stallographic ionic radius and that of the radius of the hydrated 
ion. The ion hydration theory of Fajans and Born is presented. 
The hydration increases with the charge of the ion and decreases 
with growin^ orystallographic radius. The most probable hydra¬ 
tion numbers of several ions are tabled. 

The aetivity concept for electrolytes has been discusse<i as far as 
it has a bearing on the problems dealt with in this paper. The 
relationship between aetivity coefficient (/) and ionic strength {//) 
according to Debye and Huckel as well as the ion association 
theory of Bjerrum have been briefly treated. 

At the diseussion of the micellar strueture the theories of Helm- 
HOLTZ, Gouy, and Stern have been touched. Besides, an aceount 
has been given of the highly varying strueture of the ion exchangers 
and the importance of this faet to the exehange reaetions. The 
concepts of »outer-surfaee» and »inner-surfaee» ion exehange as wcdl 
as ion blockade have been dealt with. 

The elay colloids principally consist of crystalline silicates be- 
longing to the mineral groups of montmorillonite, kaolinite, and 
mica. A description has been given of the strueture of these mine¬ 
rals and of some of their propertiea. The elay minerals are not 
statieal but show transitions, which are due to their continuous 
subjection to disintergration and formation caused by the pedoge- 
nic faetors, giving a dynamic charaeter to the soil complex. 

The base- and acid-binding power of the soil complex may be 
(‘onsidered localised to acidic and basic groups respectively, which 
form the surface complex and impart amphoteric properties to 
soil colloids. The base-binding power may be attributed partly to 
the »broken bonds», which result from breaks in the crystal followed 
by an interaetion with water molecules, partly from latti(‘e ion 
substitution resulting in the formation of free negative charges, and 
partly from the acidic funetion of silicic acid, carboxyl and phenol 
groups. The acid-binding power, on the other hand, is confined 
partly to amphoterically funetioning aluminium- and ferri-aquo- 
groups and partly to aminogroups. A pieture of the surface complex 
is given. 

The strength of acidoids and basoids as well as ampholytoids 
has been diseussed. The protolysation of the acidic and basic 
groups may be assumed to be govemed by the same laws which 
are valid for ordinary acids and bases. The course of the neutrali- 
zation curve is determined partly by the pfc-values of the acidic 
groups, the intensity-faetor, partly by the aetual amount of these 
groups, the capacity-faetor. 
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In giving an account of the application of the activity concept 
to colloids the great importance of the ion activity in the study of 
ion exchange reactions has been specially emphasized, while on 
the other hand the activity of the electrolyte is a matter of secon- 
dary significance only. 

A close study has been devoted to the qualitative application 
of the Donnan equilibrium to ion exchange. It has been emphasized 
that the replacing power and the resulting distribution of the ions 
are intimately dependent partly on the ionic valence, partly on the 
relative reduction of the activity coefficients of the ions, when 
these pass from the outside to the inside solution, and partly on the 
ratio of the activity of the micellar solution and that of the outside 
solution. 

Part III, 

In the introduction it has been pointed out that the relative 
H-ion replacing power of the cations can, under certain c*onditions, 
be studied by adding neutral salts with common anion to the Il¬ 
and OH-saturated colloids. 

Theoretical considerations on ionic exchange showed that, when 
neutral salts are added to an »ideal» acidoid, the exchange aeidity 
for the following ions ought to have the order: 

Li < Na < K < Mg < Ca < Sr < Ba < La. 

Exceptions inay occur in true acidoids and ampholytoids by 

(a) the fact that the structural conditions of the exchanger cause 
ion blockade, 

(b) specific reactions between the salts and the exchanger such 
as fixation of cations, lattice ion exchange, dissolution etc. 
and 

(c) an »abnormal» variation of the activity coefficients of certain 
ions. 

The materials investigated consisted of humus, synthetu! silicates 
and phosphates, soil minerals, and soils in a H- and OH-saturated 
(kondition. 

Solutions of the salts Li-, Na-, K-, Mg-, Ca-, Sr-, Ba-, and La- 
chloride in the concentrations 0.001, 0.01, 0.1 and 1 N. were added 
to the exchangers. Åfter 24 hours the pH was electrometrically 
determined in the suspension or the centrifugate. On certain ex¬ 
changers neutralization curves were made. ^ 

Studies of the velocity of the ion exchange between H-permutite 
and H-humus and KOI and MgClg showed that pH remained practi- 
cally unchanged either the determinations were made immediately 
or 24 hours after the addition of the salt. 
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Tho experiments showed that tlie relativc pH-redueing power of 
the alkali and alkaline-earth ions varies eonsiderably aecordin^ to 
the nature of the ion exehanger, the concentration of the salt and the 
degree oj neutralization of the acidoid. On the whole, humus behaves 
like an »ideal» acidoid, while some of the mineral colloids show 
particularly great deviations. At the lowest coneentrations the 
bivalent ions, as a rule, decrease the pH more than the monovalent 
ones; on the other hand, inverse conditions often prevail at higher 
(‘oneentrations. Thus in the ferrisilicate in 1 N. solution the fol- 
lowin^ order was obtained for the pH-reducin^? effect: Mg < Sr 
< La < (-a < Li < Ba < Na < K. 

In the montmorillonitic soils KOI yielded very stränge pH-curves 
whicli differed eonsiderably from the cnrves of the other salts. 
Tt is not possible to advance a general order of the replaeing i)ower 
or the pH-reducing effeet of ca tion s, sinee these properties can varv 
strongly with the nature of the exehangers and th(» eoneentration 
of the salts. 

Part 7F. 

Two ion exehange resins, a sulplionie eation exchanger, Wofatit 
K, and an anion exchanger, Wofatit M, were studied. 

Wofatit K was examined as to: 

1 . ils eontents of the elements 8 , Fe, and N; 

ii. how quickly it gets eompletely soaked in water; 

3. whether in H-saturated status it disengages aeidie substanees 
on pereolation with water; 

4. its mechanical stability when shaken in water; 

5. the time required for reaching exehange equilibriurn; 

0 . its eapacity of binding bases at different pH. 

The experiments showed, among other things, that the dissolu- 
tion of acidic substanees from the resin is very minute, that a small 
but noticeable quantity of acidic substanees gets in solution on 
shaking, and that the exehange equilibrium is attained after 40— 
80 minutes. 

Wofatit M was examined as to: 

1. its eontents of nitrogen; 

2 . the stability on leaching with distilled water; 

3. the eapacity to bind HCl and H 28 O 4 in water and in Solutions 
of NaCl and Na 2804 ; 

4. the pH in KCl and K 2 SO 4 Solutions. 

Wofatit M is not eompletely stable in distilled water but dis¬ 
engages minute amounts of NH 3 . The eapacity of binding H 28 O 4 
in water is greater than that of binding HCL On the other hand, 
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in 1 N. NaCl the resin binds more HCl than H 2 SO 4 in 1 K. Na 2804 . 
These problems have been discussed in the light of the activity 
contjepts. 

Part V. 

The study on the relative order of the replacing power of the 
more common cations has here been continued with studios on the 
position of the H-ion in relation to that of the other ions. On theo- 
retical considerations it has been shown that the relative replacing 
power of the H-ion is in the first line a function of: 

a) the ratio between /h in the outside and inside Solutions in rela¬ 
tion to the same ratio of the other ions present. 

b) the strength of the acidoid. 

With the activity coefficient and the hydration number of the 
H-ion as a basis it was possible to determine its rtdative position 
in the lyotropic series. In an acidoid completély protölysed in water 
the H-ion occupies no exccptional position having a replacing power 
determined hy the same factors as for the other ions. On the basis of 
the theoretical considerations in part TI, for such an acddoid we 
arrived at the following series for the rejdacing power: 

Li < 11 < Na < K < Mg < Oa < Br < Ba < La. 

For inconipletely protolysed acadoids, the Il-ion moves more 
t-o the right, the weaker the acidoid. 

The problem has been experimentally eluciflated by comparing 
the amounts of NH 4 -ions replaced by different chlorides from the 
resin Wofatit K, a permutite, a clay, and an ordinary bath sponge, 
all in the NH 4 -saturated conditions. 

The experimental results were in full agreement with the theore¬ 
tical conclusions drawn here. For the resin, which is a strong aci¬ 
doid, the mutual replacing power of the ions eoincided with the 
order mentioned above. For permutite, clay and sponge the rela¬ 
tive replacing power of the H-ion increased in the order the mate¬ 
rials are mentioned as a consequence of the decreasing acidoid 
strength. 

Part VI. 

The amphoteric reactions of a H- and OH-saturated ampholy- 
toid on the addition of a series of salts of the type MjA, in 
which the cations possess different replacing power, have been 
discussed. The inferrence was reached that the exchange alkali- 
nity forms a maximum and that it should grow larger and the 
maximum point should bo displaced towards a higher salt concentra- 
tion when the replacing power of the cation decreases. 

The conclusions drawn have been verified by experiments with 
aluminium phosphate and the salts Lia 804 , Na 2 S 04 and K 2 SO 4 . 

11 — 46690 Lanthruk8högakolan$ Annaler. Vol. 14 
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FaH VII. 

The effect of dilutioii on the exchange equilibrium in the resing 
Wofatit K and Wofatit M has boen studied. 

Threi^ essentially different niethods have beeii applied. The 
resulta obtained shoAved: 

a) that the ex(•han^^e equilibrium between H“-Li, II--Na and 
II—K is, at the eoneentration here iised, not influeneed by a 25- 
fold dilution and that the same applies to NII 4 —K at lOOOO-fold 
dilutioii and that the adsorjition of Li eompared to the adsorption 
of Na and K is inereased wheii the (*,on(*entration ^tows from 0.1 
N. to 1 and 4 N. 

b) that the equilibrium between II—H—Ca, JJ—Ba and 
Cl—SO 4 at 25-fold dilution is displa(*ed marki^dly, and between 
NH 4 * -C^a at lOOOO-fold dilution very strongly towards an inereased 
adsorption of tlie bivalent ion. 

Moreover, the experiments showed that in the aeidic resin the 
H-ioii replacing power of the following ions lias the same order as. 
for au »ideal» aeidoid, viz.: 

Li < Na < K < Mg < Va < Ba. 

Considering the results attained some praetieal problems were 
diseussed. 

Fart VIIL 

The effect of heating 011 the exehaiigeability of the adsorbed 
ions in permutito and in a elay has been studied. Na-, K-, Mg- as 
W(dl as C-a-saturated ])ennutite and K- and Ca-saturated Yårdsberg 
elay, all suspended in water, were heated on a steam bath for 48 
hours, whereaft(‘r the (»xchangeability of the ions with HCl was 
studied and enmpared with the exehangeability in unheated samples. 
The tiine of reaetion was 0.5, 5, 50, and 86 hours. 

From these experinuuits it appeared that the exehangeability 
in the heated permutite decreased in the order: Na < Ca < K < Mg. 

The differeiice between K and Mg was small, but between 
these ions and Ca considerable. Na was replaced inueh more 
easily than the rest of the ions. In the elay, too, heating caused a 
marked reduetion of the exehangeability of the adsorbed ions, and 
this was the ease to a higher extent with K than with Ca. 

The veloeity of the ion exchange in permutite varied aeeording 
to the kind of the saturating ion in the order: Mg < Ca < K < Na. 

The direct effeet of the heating on the ion exehanger was dis¬ 
eussed briefly and the faet was pointed out that high temperatures 
may lead to the consequence that ealeulations of the ion exchange 
equilibrium become unreliable or faulty. 
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Part IX. 

In this part there is a brief discussion on the general conception 
of decreasing exchangeability of any ion with a decrease in the 
degree of saturation of the colloids with the ion in question, irrespec- 
tive of the nature of the other adsorbed ions, i.e. the complementary 
ions. On the basis of the law of mass action and of the activity 
eoncept some formulas for computing the release of adsorbed ions 
ha ve been dedueed. 

From the formulas it was possible to conclude that the replace- 
ment of an ion by any other ion is dependent partly on the activity 
(‘.oefficients (/) in the micellar solution of all the exchangeable ions, 
partly on the relative amounts (degree of saturation, i>), and partly 
on the total amount replaced. If the adsorbed ions are lieterovalent, 
the release is to some extent dependent also on the concentratiou 
of the micellar solution. 

The formulas and the eurves computed from these show that the 
pereentage replaoement of an arbitrary ion (M-^) may increase^ be 
unehanged or decrease when the degree of saturation falls. The 
pereentage replaeement of Jf^ increases if ^mx > U {fc activity 
(*oeffi<*>ient of the complementary ion of the same valence), it is 
unehanged if = /r and it deereases if /3/1 < fc- If the adsorbed 
ions are heterovalent, the pereentage release of the ion of lower 
\'alence will inerease but that of the ion of higher valence will 
d(‘cr('as(^ with a decrease in the degrees of saturation. The per cent 
release of a inonovalent ion deereases but that of a bivalent ion 
increases if the coiieentration of the micellar solution dirninishes, 
other conditions being equal. 

At any degree of saturation tlic pereentage replaeement of an 
arbitrary cation grows in the order: 

Li < i^a < K < Mg < Ca < Sr < Ba < La, 

when these ions separately act as a complementary ion. 

The theory was studied by experiments with four different ion 
exchangers: acidoid resin, basoid resin, permutite, and mineral soil. 
The exchangers were saturated with two kinds of ions — in all 
twelve different ion combinations — the mutual amounts of which 
varied in general from 100 to 10 %, 

In spite of the very different nature of the ion exchangers, the 
many ion combinations gava results in good agreement with the 
theory. The influence of the complementary ions and of the degree 
of saturation on the exchangeability of the ions was very markedly 
demonstrated. 

The use of the law of mass action for exchange reaetions was 
diseussed and the exchange constants for some ion combinations 
were computed. 

Il*-46ö90 
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In connection with the results obtained certain points of view 
on the behaviour of the ions towards leaohing have been discussed 
as well as the availability of nutrients to plants and the effect of 
liming on the exehangeability of ions. 
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L Introduction. 

The yield of our cultivated planta is influenced by a great many 
factora: climate, soil, the character of the plant material and, not 
least, human work. On account of most growth factora being more 
or less variable, varying conditions ariae for the development, and 
conaequently the crop yield, too, will present considerable variations. 
An important condition for a good yield is that the water content 
of the soil during different seasons should correspond quite closely 
to the one most favourable to the various plant species. In order to 
(Teate such conditions, different hydrotechnical measures may be 
neceasary, depending on the prevailing circumstances: on the one 
hand, removal of surplus water injurious to the plants, drainage^ 
and, on the other hand, supplying of water when needed for the 
plants, irrigation, Which of these measures will dominate, depends 
primarily on the climate. Thus, in humid regions, drainage will 
be the main hydrotechnical measure, whereas in arid regions irri¬ 
gation is often very important for the growth of plants. 

The Swedish climate is chiefly of humid character, and water 
rnust therefore usually be drawn off from soils of poor permeability. 
Drainage of arable land has consequently been used of old in our 
country. According to the last statistical records (Jobdbeuksräk- 
NiNGEN 1944) 973 900 hectares were drained, or about 26.2 per 
cent of the total acreage, Nevertheless, there still is a considerable 
need of drainage, the supply of which would require rather large 
further investments of money (Flodkvist 1931, Gustafsson 1946). 

Although the climate of Sweden is chiefly of humid character, 
the evaporation during certain parts of the year can be considerably 
larger than the precipitation. During such periods the climate may 
appear quite arid. This often occurs in early summer, when rainfall 
is not unfrequently a limiting factor for the yield. The task of drain¬ 
age is mainly to lead off the water rapidly in the time of snow melt- 
ing, whereas in summer the drains seldom need to function. Hence 
follows that there is no contradiction in saying that for the same 
soil the drawing-off as well as the supplying of water may be ne- 
cessary for plant growth; on the contrary, these two measures com- 
plete each other and together really make it possible to regulate 
the water content in the soil. 

Whereas from time immemorial drainage has been common in 
our country, it is not until the last few years that irrigation of arable 
land has become more commonly used. It is true that also irriga¬ 
tion has been practised of old, but then only in a few localities and 
in the form of flooding of meadows, 

The irrigation methods now found in Sweden and, as far as can 
be judged from the present situation, likely to predominate in the 
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future, aro iiiainly raising of the groniid wator lovol and sprinkling. 
Tlio former moihod impliea that the ground wator lovol within an 
area is raisod hy damming up the wator in an open ohannol passing 
through the area, whereas in sprinkling the water is (»arriod to the 
field through a pipo systern, and distributod by si)rinkler8 of various 
tyxres. 

If irrigation by danuning up the ground wator is to bo jrossible, 
tho soil surfaoe must be quite even and the soil easily permeablo, 
as is the oase in self-draining soils with permanent oraoks (Rkströim 
& Floukvist 192f)). On aeoount of this, the method has its limita- 
tions. On the other hand, the method is very easily arrangod, when 
looal (‘onditions are favourable (Flodkvist & Hallgren J942, 
Hallgren 1944). Therefore it is not expensive, and the ooonornio 
advantagos of tlie method need probably seldom be disoussed. 

The method of irrigating arable land by means of sprinkling was 
first praotisod oxtensively in other oountries, e. g. Gormany, at the 
beginning of this ocmtury. The oldor types of irrigation systems 
found no märket in 8weden, partly bo(‘auso thoy woro not very 
useful. Diiring the last few years, howevor, a real interest in irri¬ 
gation has made itself f(*lt in hortioulture as well as in agrioulturo. 
This was partioularly the case during the dry years of 1940 and 1941. 
In several oases irrigation systems were established, partly with 
aid of publio inonoy in form of loans. In Swedon as well as in other 
Seaiidinavian countries, sprinkling is now tho rnost (*ommon form 
of irrigation, and it has more and rnoro roplaood methods formorly 
used. What is said about irrigation in the following, is therefore 
ref(»rring to sprinkling. 

As a rule, an irrigation system requires a rather large investment 
of money. Counted per unit of area. it is generally higher, the smaller 
the irrigated aereage is. During the last fivc* years the author, as 
an (»Xpert commission(»d by the Koyal Agrieultural Board of Sweden, 
made a numb(»r of plans fc^r irrigation systems in different lo(*alities 
in the south and niiddle of Sweden, and found that the expenees 
were rarely below 600 erowns yer heetare, but often widely ex(*eeded 
this sum. Even if in the future irrigation will be jmicjtised only to 
a relatively limited exterit in our country, it. will still be iieeessary 
to ealeulate with a rather large investment of money. If, for instanee, 
one per eeni of the total aereage of the eountry is to be irrigated, 
this would require a sum of nearly 25 million erowns. 

If an irrigation system is to be worth while, the value of the ob- 
tained av(?rage inerease in yield must exceed the annual expense for 
the system. The expenses ean be ealenlated in each case with suffi- 
eient accuraey, after necessary pre-investigations at the plaee are 
performed. Oontrary to this, the average inerease in yield caused 
by irrigation ean not be established unless speeial investigations 
are made. 
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The existinfi: relation between irritation intensity and crop yield 
can be stndied in two essentially different ways. One is to perforni 
field experiments, where the irritation intensity is varied in the same 
way as the fertilizers in ordinary fertilizint experiments. The 
other possibility is to calculate, from available precipitation and 
yield data, the relation between precipitation and crop yield and, 
besides, to determine the effect of irrigation in proportion to that 
of precipitation. The results thiis obtaiiied can then be applied 
within the field of irrigation. 

The best way of determining the yield-increasing effect of irri¬ 
gation is, of (‘oiirse, to perforin field experiments under conditions 
as near as possible equal to those in regular irrigation i)raxis. How- 
ever, for su(*h exi)eriments a certain technical equipment is needed. 
This makes them much rnore expensive than, for instance, an or¬ 
dinary fertilizing experiment. <)n account of this, and also because 
irrigation of arable land has formerly been iised only to a very 
limited extent in our country, irrigation experiments have so far 
been performc^d only in a few places (Franck 1928, Treschow 1928, 
Flodkvjst, Hallgren ^ Erneht 1944, Arrhenius 1945). More- 
over, 8in(*e weather ( onditions generally vary widely from one year 
lo the other, experimental results from one and the same locality 
must be availabh* for a relatively long time, before any sure con- 
(»lusions as to the average (dfect of irrigation can be drawn. 

As for investigations over the relation between precipitation and 
iTop yield, a large number of such investigations have previously 
been (^arried out (cf part IV: 1). A further addition to the literature 
on this subje(*t may therefore seem superfluous. Yet, the studies 
hitlierto })re8ented have not been carried out so that they clearly 
enougli throw light on this question, and above all they have not 
been arranged in such a way that the results obtained could be 
applied within the field of irrigation. 

On account of the usually existing interaction between different 
growth factors, it must obviously be a matter of great difficulty, 
not to say quite impossible, to a(»complish a study on the relation 
bet ween rainfall and crop yield in such a w^^ay that the rainfall factor 
is so to say isolated and a relation free from the influence of other 
factors obtained. As in many other cases, where biological problems 
are treated, studies of this kind must imply more or less rough 
approximations, from which follows that the results obtained can, 
in the best case, be regarded as fairly adequate. 

The present studies on the relation betw^een precipitation and 
(Top yield were performed in order to find out for what regions in 
Sweden and for what plant species irrigation of arable land may 
be expected to cause a worth while average increase in yield. At 
the same time it was intended to form a basis for and a guide to con- 
tinued experiments within this field of research. 
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II. On the relation between a growth factor 
and crop yield. 

The question of the existent relation between the growth factors 
and the yield of our cultivated plants has of old occupied agricultural 
scientists. Ever since Justus von Liebig formulated his well- 
known thesis that the size of the yield depended on the plant nu- 
trient that occurred in minimum, this problem has often been dis- 
cussed, at the same time as theoretical and experimental investiga- 
tions have gradually led to a more elear coneeption of this matter. 
Liebig considered crop yield, within certain limits, to be directly 
related to the supply of nutrients in the soil, and inversely related 
to the factors counteracting the effect of the nutrients (Liebig 
1855). However, this theory was questioned even by Liebig\s 
contemporaries, among others Mayer (1871): »Der LiEBiG’sche 
Satz, dass die Entwicklung der Pflanze innerhalb gewissen Grenzen 
im geraden Verhältnisse zu der Masse der Nährstoffe und im um- 
gekehrten Verhältnisse zu den Widerständen, die ihre Wirkung hin- 
dern, stände, ftihrt. . . zu einer Gleichung, die bei den einfachsten 
mathcmatischen Operationen ad absurdum ftihrt.» Although Mayer 
extended considerably the range of the minimum law by making 
it include all growth factors, he still put himself on the same line: 
»Die Produktion ist abhängig von der im Minimum verhandenen 
Produktionsbedingung, sie ist derselben proportional. . .» (Joc. ci<., 
p. 297). In 1897 Wollny declared that the relation between a 
growth factor and crop yield was not linear. He proposed the 
optimum law according to which »jeder Vegetationsfaktor von einer 
unteren Grenze (Minimum) anfangend mit steigender Intensität 
das Produktionsvermögen der Gewächse bis zu einem gewissen 
Punkt (Optimum) fördert, dasselbe aber von hier ab mit fortschrei- 
tender Intensität seiner Wirkung stetig vermindert, bis schliesslich 
ein Stilistand eintritt und das Wachstum vollständig sistiert wird» 
(Wollny 1897, p. 94). 

The general course of the relative effect of a growth factor Lunde- 
GÅRDH (1925) considers to be the one shown by fig, 1, where the re- 
sulting curve consists of two components, one rising and one falling 
part. The optimum range is that portion of the curve where the 
retarding factor sets in. The latter need not always be directly 
injurious. Sometimes it is indirectly injurious, as is the case with 
the water factor, when it is acting as »Induktor einer Giftwirkung». 
Thus, it is not possible to increase the water factor arbitrarily without 
affecting another factor of importance for the growth, viz, the soil 
air. In fig. 1 the rising curve may represent the soil water, and the 
falling curve the soil air. The sum of the two components in any 
point is accordingly constant and equal to the pore volume. 



Fig. 1, Kolativc effect (y) of tho intenaity (^) of a growth faotor according to 

LirNDEOÄRDH (1925). 



Wofer suppHed. Safuro^ion - tOO 

2. Helationship between yield of barley and supply of water according to 
Hellbibgbl (1883). 


The nature of the relationship between soil water and crop yield 
has been studied in a large number of experiments. As an example, 
an experiment by Helleiegel with barley in sand culture (Hell- 
aiEGEL 1883, p. 667) is reproduced in fig. 2. It is obvious that an 
optimum was here obtained for the yield of grain as weU as straw, 
for the former at about 40 per cent, and for the latter at about 60 
l>er cent of the water capacity of the soil (cf Robinson 1936). Si- 
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milar results were obtained by Wollny (1897), wliere the optimum 
usually ranged between 60 and 80 per eent of the water eapacity. 
Arehenius (1926) found typieal optimum eurves in pol experiments; 
the optimum growth for nearly all plant, species was, however, 
found at a range between 80 and 90 per eent of the water 
eapaeity. With help of ehemieal analysis Arrhenivs proved that 
at a high water eontent in the soil there was an oxygen defieit. 
This situation arises espeeially if there is stagnaiit water in the soil. 
At no stagnation of the water, an inereasing yield (*an be expeeted 
up to a high water eontent in the soil. Thus Mitscherlich (1912) 
found by pot experiments that if the pots were well drained, the 
highest yield was obtained at a water eontent in the soil that was 
equal to the water eapaeity. Furthermore Lundegärdh (1945) 
found, in eombined irrigation and fertilizer experiments, that at 
the highest irrigation intensity, when the soil was, ori the average, 
saturated with water up to 97 per (*ent, the optimum had not vet 
been reaehed, although the relation between irrigation intensity 
and yield in the different experiment al series was typieally eurvi- 
linear all through. 

From what is said abo ve follows that the fumdion that should 
deseribe the relation between a growili faetor and erop yield must 
be of such a type as to give an optimum at a eertain amount of 
the faetor in question. Various mathematieal expressions for this 
relation have been formulated in the eourse of tlu* y(^ars. The first 
one who formulated sueh an expression was Mtthcherlioh who pro- 
posed in 1909 his well-known equation 

( 1 ) 

where Ä is the maximum yield, y the aetual yield, x the amount of 
the growth faetor, and v a eonstant, »Wirkungswert», eharaeteristie 
of the faetor in question and independent of other faetors. On the 
experimental determination of the numerieal value of this eonstant 
Mitscherlich and his assistants have expended a great deal of 
efforts, not least on water as a growth faetor (Mitscherlich 1912, 
1927 ete.). 

Mttscherlich^s formula has later been modified in differemt 
ways. Thus Baule (1918) pointed out that although the yield in- 
erease in per eent obtained by supplying a plant nutrient is inde¬ 
pendent of other growth faetors, yet the aetual size of the yield 
and consequently the aetual inerease in the yield depends on the 
available amount of these faetors. Under the assumption that each 
growth faetor influences the yield in agreement with Mitschbr- 
lich’8 eurve, Baule formulated the following expression for the 
relation in question 



181 


The Influence of Precipitation on Crop Yielcls 
E - i/max. (l - ) (1 - (1 - . . ., (2) 


where E is the yield obtained, x.^. , . the existing amount of 

the different growth factors, and • • the (‘orresponding 

»Wirkungöfaktoren». 

However, neither in the original formulation nor in the form 
jnodified by Baule it was eonsidered that a growth factor, being 
in exeess, aeta injuriously on the yield. There is no definite top 
on the eurve, but for an infinitely inereasing x, y approach(‘S asympto- 
tieally towards whieh eertainly seems absurd. 

8in(*e a growth faetor at a high coneentration may have a de- 
trimental ('ffeet, Mitscherlioji himself later (1928) introduced a 
»fa(*tor of injury», ä', in his original forniula ae(*ording to the following 


1 åy 

y 


{A — y) 

y 


21cx, 


(3) 


Depending on the /:-value in relation to the e-value the eurve will 
start falling at a eertain value of x, 

Ever sinee Mitscherucui^s equation was pro posed, in its original 
formulalion and latiu* in its modified forms, it has been thesubjeet 
of aniniated diseussions. Tlie diseussions dealt espeeially with the 
(onstants entering the equation, and several arguments for and 
against the gem^ral validity of the eurve have been brought forth. 
How'ev(*r, it wouhi lead too far to enter on the extensive literature 
eoneerning tlie Mitscherlich eurve that appeared during years 
that have gone by. It should only be mentioned that even during 
reeent years (‘ontributions to this diseussion were presented wdiere 
tlie polemieal aeeents have by no means beeome softened (e. g, 
Marquardt 1943). 

Several otJier funetions have been suggested to descTibe the re¬ 
lation between a growth faetor and erop yield. Thus as early as 
1912 Pfeiffer et al suggested that instead of Mitscherlich' s 
logarithmie eurve the following funetion should be iised 


y ~ a i bx + ex^, ( 4 ) 

i. r. a parabola. This funetion was suggested beeause the Mitscher- 
LKui eurve gave no definite optimum point for the suecessive supply- 
ing of a growth faetor: »öobald die Nährstoffgaben ihr Optimum 
libersehreiten, muss mit Naturnotwendigkeit eine Schädigung des 
Waehstums der Fflanzen eintreten ...» (Pfeiffer, Blanck & Flu- 
CEL 1912, p. 221). These authors found that a second degree para¬ 
bola deseribed the results of pot experiments with inereasing amounts 
of plant nutrients better than the Mitscherlich eurve, a faet that 
has also been proved by later investigations (e. g, Niklas & Miller 
1927). 
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Eautebberg (1939), instead of fitting a logarithmie curve to 
the primary data, suggested a hyperbola 


y = 


xE 

- , 

X h 


(o) 


when^ E corresponds to Mitscherlich’s ^-value and h is the so 
called »Halbwertsgrösse». E and h were obtained from the equations 


y 

n-A = S""-f;+i:T 

y 


(5 a) 


Kauterberg found that srnoothing of data by this eurve gave 
about the same result as the Mitscherlich eurve, but at the same 
time had the advantage that the numerical ealeulations were more 
easily accomplished. As can be seen, Kauterberg’s curve has no 
definite optimum point either. 

According to Bondorff (1923) each growth factor exercises a 
beneficial as well as a harmful effect on the growth. The final effeet 
is consequently the result of these contrary effects, which ean ge- 
nerally be written 


y = ex^ — f a, (h) 

where of the right hand factors the first one denotes the useful and 
the second one the injurious effect; c. A:, n, p, and a are constants. 
This expression is corresponded by a curve, the optimum point of 
which is more or less pronounced depending on the numerical value 
of the constants. In most experiments with fertilizers, ti = 1 (Kus- 
SEL 1937), sometimes, however, >1, and the curve is then sigmoid. 
For w = 1 and p == 2 the curve is the common parabola, which is 
consequently a special case of this curve. 

Pinally an exponential function suggested by Plessing (1943) 
should be mentioned 


y =z c af • ( 7 ) 

which is a sigmoid on both sides of the optimum and has its in- 
flexion points at 
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By means of this very flexible curve Plessing obtained good agree- 
ment between computed and experimentally obtained yield data. 
He tested, among others, pot experiments performed by Mitscher- 

LIOH. 

Hence it seems definite that the relation between a growth factor 
and the crop yield has the form of a curve with an optimum point 
at a certain amount of the factor in question. Since the amount of 
water in the soil that is available to the planta depends on the pre¬ 
cipitation, it is evident that an optimum point must exist in this 
case, too. Tn fact, rainfall must exert a greater influence on the 
yield in arid regions than in humid ones. According to Russel 
(1937), the amount of growth is almost proportional to the precipi¬ 
tation under semi-arid conditions, but in humid regions, where the 
water supply is often optimal or even superoptimal, the relation 
between precipitation and crop yield is frequently more complex; 
additional water supply is here sometimes advantageous, sometimes 
ineffective, sometimes harmfuL Therefore it cannot be assumed 
that under Swedish conditions rainfall and crop yield stand in pro¬ 
portion to each other; rather a more or less marked optimum must 
be at hand. In the following parts it will be tried to determine this 
optimum for different species of plants and various climatic condi¬ 
tions. 


III. Material. 

As indicated above, it is almost impossible to eliminate from 
the complex of factors determining the size of the yield, the influence 
of all factors except precipitation, and thus establish the variation 
ill crop yield that is caused solely by this factor. The difficulties 
in this respect are emphasized by among others Gericke (1941): 
»Die Beziehungen zwischen Witterung und Brnteerhöhe sind ausser- 
ordentlich schwer festzustellen, daher liegen auch nur verhältnis- 
mässig wenige Untersuchungen vor, die zu wirklich eindeutigen Er- 
gebnissen gefuhrt haben» (p. 67). In investigations of this kind al- 
lowance can be made, to some extent, for quantitatively measurable 
factors. But the yield is also influenced by factors which cannot 
be quantitatively measured, such as disease attacks, weeds, mechani- 
cal damages, etc. In order that an investigation concerning the 
influence of precipitation on crop yield may give a reliable result, 
it is therefore important that the yield data on which the investi¬ 
gation is based are such that factors of the last-mentioned kind 
have had the least possible influence. 

In several cases earlier investigations regarding the relation be¬ 
tween weather factors and crop yield have been founded on statis- 
tical yield records. Thus Wallén (1917) and Enquist (1929) based 
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sueh investigations on yield data from the official statistical records 
of Sweden. Likewise, erop yield statisties lias been used for in- 
vestigations in Oermany for exaniple by Batir (1924), Blaschke 
(1924), Beck (1929), Less (1929), and Welker (1928). Arialogous 
material was used by Watt (1912) for studying the influenet» of 
precipitation on the yield in Seotland, and by Bogx^e (1930) in a 
study of the relation between precipitation and yield of hay in (ti¬ 
mida. 

Furthermore, in inany cases yield reeords from ordinary farms 
liave been used as a basis for sueh investigations (Flodkvist 1927, 
Koberts 1928, Gösele 1930, Wiechmanis 1931, Gerk^.ke 1943, 
and others). During investigations in Saehsen eondueted by Profes¬ 
sor IloLDEFLEiss and eoncerned with the influenee of weather facdors 
on erop yield, the provinoe was divided into distriets forming in- 
dividual agro-meteorologieal units (Holdefleiss 1929). For ea(*h 
of these distriets yield reeords were gatliered from a number of farms. 
The results of these investigations have been presented in a series 
of dissertations (Höhne 1929, Scheinkrt 1929, Schulze 1929^ 
>lEXTSTÄDT 1929, and Wilhelm 1937). 

In other cases studies on t his subjeet- have been based on plot 
yield data from expx^rimental fields. Thus Wallén (1920) and 
Mx^ndt-Petersen (1937) have éxamined the effeet of rainfall on 
the yields of exwals at tlie Swedish Sx»ed Association at Svalöv and 
its substations. Further, Witte (1922 a, 1923) studied the relation 
between precipitation and yield of grass and red elover at Svalöv 
and 8^J^DELIN (1923), aniong other things, the dependenee of the 
yield of fodder roots on weather eonditions there. Morten sen 
(1909), Prytz (1935), Krtstensen (1937, 1941 a), and othx^rs have 
used yixdd data from Ilanish experiment stations in their investi¬ 
gations. Tornier (1912) based sueh investigations on results from 
an experimental field at Göttingxm. The elassie Kothamsted experi¬ 
ments have been studied frequently with regard to the effeet of 
prexdpitation on the yield (Mawley 1898, Fisher 1925, Wlshart 
& Mackenzib 1930, Kalamkar 1933). In the United States Wel- 
TON & Morris (1925), Chilcott (1927), (.ole (1938), and others 
have based sueh investigations on data from different experiment 
stations. 

By using yield statistics as a basis for studies of this kind, the 
advantage of a large priniary mateHal is attained. In the average 
yield data from a relatively large district, e. g. a county, local 
variations will not be so pronouneed. A material of this kind may 
therefore generally present less marked deviations from the mean 
than ykdd data from a more limited area. On tlie other hand, yield 
statistics is in some respeets deficient as a basis for investigations 
of this kind. Since the basic data of yield statistics are obtained by 
estimating the growing erop, the figures will, to a eertain extent, 
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be influeneed by a subjective jud|?enient. By conipariiiK statistical 
yield reoords from different parishes it will also soon be evident that 
existing variations must partly be aseribed to the prineiple used 
for (»olleeting the material. 

When using yield data from individual farms, where exad yield 
figures are available, one has the advantage of being able to base 
the investigations on a material free from such subjective influences. 
rir)SELE (1930) emphasizes that from the S(*ientific point of view 
it is a definite advantage to base investigations of this kind on <*hecked 
yield records from individual farms, ('ontrary to this, Brouwer 
(1920 a) considered that the relation between climatic factors and 
crop yield shoitld pr(*ferably be studied on the basis of data from 
a smaller, liiuited area, e. g. an experimental field. 

Tn taking plot yield data as a basis for investigations of this kind, 
these will be foiinfled on the most ac(*urate material that (*an be 
obtained. In tliis nsspect such material must be unobjeetionable. 
Moreover, tlu^ investigations can be based on one and the same 
variety for a sequ<m(*e of years, e, g. on a standard variety used in 
yield nurseries. At an ordinary farrn, on the eontrary, we must as- 
sume that eaiiier grown varieties are successively replaeed by new 
and liigher yicOding vari(dies, as such are brought on the market. 
Furtliermore, it must be taken into accoimt that the fertility of 
differ<ui( fields at a farm may influence the yield results from dif- 
fertuit years. Hence follows that yield data from an ordinary farm 
— and this will also be tlu‘ <*ase for the official statistics — are based 
on a inon* heterogeneous material than those from plot experiments. 

It must be nunembered, how^ever, that the yield from a limited 
area witli experiimmtal plots is more easily influenced by factors 
of temporary nature than the yield from an ordinary field. Con- 
sequently tlie variations in the yield data from a field with ex- 
periiiKuitul plots tend to increase as compared to the variations in 
data from an ordinary field. Tn order to find out in whi(*h case the 
largest variations are actually found the author compared the yields 
of Oats at the farms of Ultuna in the Uppsala provincial district and 
Varpnäs in the Värmland provincial district with the yields from 
plot experiments at the substations of the Swedish Seed Association 
in these two places. From the Ultuna substation there was used 
the average yield of the oats varieties Seger and Sturmogul during 
the years 1904—1942, and from the Varpnäs substation, the average 
yield of the varieties Seger and Guldregn during the years 1918— 
1942. In both cuses the variations in yield proved to be greater on 
the experimental field than on the ordinary crop rotation system, 
absolutely as well as relatively. 

For investigations regarding the influence of precipitation on 
crop yield, data from ordinary farms may therefore be considered 
as a reliable material. To some extent this material eombines the 
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Fig. 3. Map of humidity of Sweden according to Hesselman (1932) showing the 
locality of the examined farms. 

advantages of yield statistics, as the data are gathered from such 
a large area that factors of temporary nature cannot be of very 
great importance, and of plot experiments in so far as there are 
controUed weight records. 

On account of what has been discussed above, the author has 
employed as a basis for the present investigations yield data from 
ordinary farms. In total nine farms were used, all of which belong 
to agricnltural schools owned or supported by the State. The map 
of humidity in fig. 3 (according to Hesselman 1932) illustrates the 
locality of the farms. As is seen, the farms represent regions some- 





Table 1. Average erap yield in dtjha at the examined farms, The tipper Une of figures indieates 

the yieldj the lower Une its standard error. 
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* The obeervatione have been corrected for fertility variations in the soil. Compare with the text and table 
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what difieroiit in regard to humidity eonditions. Thus Alnarp, 
Hollerup, Bjårka-Säby, Ulvhäll, and Ultuna represent regions thal 
1IEH8ELMAN classifies as eontinental and where, ernpirically, a inore 
or less marked preeipitation defieit is eommon, espeeially in t lie 
early suinmer. The otlier four farms repn^sent regions witli some- 
what liigher preeipitation, denoted by IIehselmais^ as regions on 
the border lin(‘ to a more liumid elimate. 

Table 1 shows the yield data of the erops that were studied. Tlie 
table gives the average y ields for the total investigation peri od. ^ 
For Alnarp, Hjärka-Säby (from 1906), Ultuna, and Vassbo the yield 
records were gathered from reports published by the agrieultural 
sehools hl the respeetive pJaees (ef Referen(*es), whereas in the other 
eas(*s the m^^essary data were obtained from unpublish(*d reports 
in the arehives of the iioyal Agri(*ultural Hoard. 

The heetare yields shown in table 1 were deterrnined somewhat 
differently for the different erops. Thus, eoneerning the eereals, 
tlie yield of grain was d(*termined by weighing at the time of 
threshing. These data ean therefore be eonsidered as ndiable 
for investigations of the present kind. (Umeerning ])otatoes and 
root (Tops, the volume of the staeks of storage was determiiUMl. 
The volume obtained was then reealeulated into de<*iton jier he(‘- 
tare. Besides, in several (*ase8 sonie of the loads were weighed. 
As to sugar beets, the yield was deterrnined by weighing at the 
sugar-faetory. Also in this e-ase the heetare yudds will have been 
deterrnined in a satisfactory way. As to the hay yields, finally, the 
method of weighing some of the w^^aggon-loads w as generally used. Tn 
this way an average weight per load was obtained. Of (»ourse sueh 
a method will not give an (»qually good determination of the yi(‘ld 
of hay as if the whole yield had been weighed. Yet, the area under 
ley has been relatively large at the examined farms (ef table 3). One 
ean therefore assiime that the errors eaused by the mentioned method 
will not influenee the average yield per he(*tar(‘ to any liigli extent. 
Gonsequently, the yield data for the different erops presented in 
table 1 ought to have been deterrnined with suffieient aceuraey to 
furnish an appropriate basis for a study of the relationship between 
tireeipitation and erop yield. 

Another question of importanee is whether the yield at the dif¬ 
ferent farms ean be regarded as representative for the averag(‘ 
yield in the neighbourhood of the respecdlve farms. A e.omparisou 
of the yields per heetare at the different farms with the corresponding 
yields in the neighbourhood indieates that the yields on the farms 
are eonsiderably higher all through, The yields from the neigh- 

^ To save spaoe the primary data for the individual years are not given. 
Mirneographed tables of tho primary yield data as well as of the ealendar data 
of preeipitation and temperature are deposited in the Library of the Hoyal 
Agrieultural College, whero they are available to those interested in these data. 
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bourhood farms were obtained from the official statistical records. 
It may be mentioned that whereas the average yield of hay from 
arable land for the whole country from 1933 to 1942 was 31.7 dt/ha, 
the average yield from the nine farms for the time included in the 
investigations was 44.8 dt/ha or about 40% higher than for the 
country as a whole. On the other hand, it must be taken into con- 
sideration that irrigation of arable land is likely to be practised 
priniarily at farms with rather intensive crop production, i. e. on 
farms of about the same type as those used in the present study. 
Thus, also from this viewpoint the material ought to be representa¬ 
tive. 

As is seen from table 1, the investigation period has varied con- 
sid(?rably in length at the different farms. The longer the period 
of investigation, the more reliable the results will generally be. On 
an average it has been possible to let the investigations be extended 
o ver a period of 40 years. As a comparison it may be mentioned 
that in previous investigations on this subject the period has seldom 
exceeded 25—30 years. There are two reasons why the length of 
th(^ period should be different for the different farms. The first one 
is the time from which continuous series of yield data are available, 
and the second one is the date when precipitation observations were 
begun at the various localities. Because precipitation may often 
vary considerably even within small regions, the precipitation ob¬ 
servations must ref er to the very same place as the yield data. In 
all the cases the investigations have been based on precipitation 
observations performed by the Meteorologiska Centralanstalten, 
Hydrografiska Byrån, and Statens Meteorologisk-Hydrografiska 
Anstalt, respectively. As examples may be mentioned that at Aln- 
arp such observations were begun in 1901 and at Varpnäs as late 
as 1918. At both places, however, an unbroken series of yield re¬ 
cords is available from 1894. 

In table 2 the average monthly precipitation in mm is given for 
the respective localities. In a few cases there was a break in the 
continuity of the observations for a few years, and then the precipi¬ 
tation from another neighbouring meteorological station was used 
(see foot note p. 188). Othcrwise the data are gathered from obser¬ 
vations performed at the respective farms. These data have been 
obtained from the publications of the above mentioned institutions 
(cf Eeferences), but some unpublished data have been obtained from 
the Statens Meteorologisk-Hydrografiska Anstalt, now Sveriges 
Meteorologiska och Hydrologiska Institut. 

As a background to the present investigations some data con- 
cerning the various farms are given in table 3. The farms represent 
a total aereage of around 2 150 hectares, although they differ quite 
niarkedly in size. Of special interest with regard to the investigations 
are the soil type conditions, since they will, of course, influence the 

13 — 46690 LantbruksMgskolan" Annaler. Vol. 14 
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Table 3. Some data oonoerning the examined farms. 


Farm 

Cultiv- 
ated area 
in ha 

Predominant soil type 

Predominant crop rotation 

Alnarp. 

260 

Clayey fine sand to Ught 
clay with ordinary humus- 
contont on light moraine- 
clay. 

1) Winter cereals, 2) root 
crops, 3) spring cereals, 
4) clover and grass ley. 

Bollerup .. . 

390 

Clayey fine sandy moraine 
and light moraino-clay 
with ordinary humus-con- 
tont on light clay. 

1) Fallow or green fodder 
fallow, 2) winter cereals, 
3) potatoes and fodder 
roots, 4) spring cereals, 
5-6) clover and grass ley, 
7) winter cereala, 8) spring 
cereals. 

Bjärka-Säby 

290 

Light moraine-clay with 
ordinary humus-content 
on light clay. 

1) Fallow or green fodder 
fallow, 2) winter cereals, 
3) root crops and legumi- 
nous plants, 4) spring cere¬ 
als, 5—6) clover and grass 
ley, 7) spring cereals. 

Ulvhäll .... 

220 

Intermediate clay to heavy 
clay with ordinary humus- 
content on mainly heavy 
clay. 

1) Fallow, 2) winter cereals, 

3) root crops and potatoes, 

4) spring cereals, 5—6) clo¬ 
ver and grass ley, 7) winter 
cereals, 8) spring cereals. 

Ultima. 

190 

Intermediate clay to heavy 
clay with ordinary humus- 
content on heavy clay. 

1) Fallow, 2) winter cereals, 
3) root crops an peas, 4) 
spring wheat and barley, 
5-6) clover and grass ley, 
7) wheat and oats, 8) 
mixed cereals. 

Klagstorp . . 

400 

Silt with ordinary humus- 
content on silty light clay. 

1) Fallow, 2) winter cereals, 
3- 5) clover and grass ley, 
6—7) spring cereals. 

Varpnäs . . . 

260 

Silty intermediate clay with 
ordinary humus-content on 
intermediate clay to hea\’y 
clay. Marsh and bog peat 
soils. 

7-year8’ rotation on the mi¬ 
neral soil with 1) fallow, 
2) winter cereals, 3—5) clo¬ 
ver and grass ley, 6-7) 
spring cereals. 8-years’ 
rotation on the peat soil 
with partly 4-year8 of a 
clover and grass ley. 

Vassbo. 

100 

About 80 ha mineral soil 
mainly light clay with 
ordinary humus-content on 
light clay, About 20 ha 
peat soil. 

7-years’ rotation on the mi¬ 
neral soil = Varpnäs. Ro¬ 
tation on the peat soil 
with 3-4 years of clover 
and grass ley and 2 years 
of spring cereals. 

Nordvik ,.. 

50 

Fine, sandy light clay or 
intermediate clay and on 
higher situated areas a 
coarse fine sand with or¬ 
dinary humus-content on 
stony moraine or sandy 
intermediate clay. 

1) Fallow, root crops and 
mixed cereals, 2) rye and 
barley, 3-5) clover and 
grass ley, 6) spring oereais. 
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results to some extent (cf Hopiqns 1935). Whereas at Alnarp, 
Bollerup, and Bjärka-Säby the soil type mainly consists of a light 
clay, at tllvbäll and Ultuna it generally consists of an interniediate 
to lieavy clay. At Klagstorp the dominating soil type is silt, whicli 
in case of abundant rainfall easily forms a crust. On the other farms 
the soil is of more varying type. It is seen from table 3 that the crop 
rotation has varied with the differences in soil type and weather 
(‘onditions. The different croj) rotations may be expected to have a 
certain influence on investigations of this kind, too. Consequently 
there will be reason in the following to refer to table 3 in various 
connections. 


IV. Methods. 

1. Previous investigations. 

The results from investigations concerned with the influence of 
precipitation on crop yield will depend partly on the nature of the 
material and partly on the method of investigation. As shown in 
the preceding part, a large nurnber of such investigations have 
previously been carried out — a vast bibliography on investigations 
performed during the years 1900—1930 is published by ITannay & 
Lacy (1931) — and, therefore, it is only natural that several methods 
have here been employed. 

In some of these investigations no special method was used, in 
order to get constants as measurements on the relation. The material 
was only grouped so that by direcd comparison between the given 
data an idea of the trend in the relationship could be obtained. Thus, 
by cornparing precipitation and yield data during the years 1832— 
1878, Lawes & Gilbert (1880) stated that in England the best 
wheat yields were obtained at a rainfall that during the spring was 
considerably below the average but during the early summer was 
rather high. SiiAW (1905, 1907) found that high rainfall during the 
preceding autumn reduced the wheat yields in England. For the 
rye yields at the Bogoroditsky Agricultural College, Zalenskii 
(1915) proved that the best distribution of rainfall and temperature 
was abundant rainfall and high temperature before heading, cool 
and damp weather during heading, and warm and moist weather 
during the ripening period. Essee (1942) found that the wheat 
yields at Dikopshof near to Bonn were affected favourably, among 
other things, by a low rainfall in May. He adapted a method pre¬ 
viously applied by Baumann (1938), viz, to let the years with the 
best yields be a criterion of the most favourable weather conditions. 

Grouping the sugar beet yields in Lobositz in northern Böhmen 
1866—1898 according to decreasing yield, Hanamann (1901) found 
that 357 mm of rainfall from April to October gave the highest 
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yield, exceeding with 25 % the average yield for the Whole period, 
whereas with 288 mm of rainfall the yield was only 68 % of the 
average. Using the same method, Helweg (1912) stated that cool 
summers with abundant rainfall were the most favourable ones for 
root crops in Benmark. Vik (1914 a and b) found that the yield of 
potatoes in Norway was reduced markedly only when the rainfall 
was lower than 50 mm in May—June and 100—125 mm in July— 
August. For root crops 80 mm in June—July proved to be suffi- 
cient, whereas in August—^September the need of rainfall was con- 
sider<able. 

A method similar to Hanamann^s was employed by de Montessxts 
DE Ballore (1932), who divided the potato yields of three French 
departements into three groups: low, medium high, and high yields. 
However, he never used the middle group. In this way a certain 
relation between precipitation and erop yield was found. This way 
of proceeding was critieized by Pbytz (1938 a), who worked over the 
whole material and found that no conclusions could be drawn on 
the basis of the material that de Montbssus de Balloee studied. 

Another method was used by von Boguslawski (1942), who 
divided data of yield as well as precipitation and temperature into 
five elasses, based on the average for the whole series, where for the 
yield the third group denoted medium yield. In this case the growing 
season was divided into decjides. Meyer (1914) examined, among 
other things, the relation between the yield of barlcy in Svealand 
1866—1911 and the rainfall in May and June, observed at Jönkö¬ 
ping, Stockholm, and Uppsala. By taking the deviations from the 
averages, he found in 31 cases out of 47 agreement as to the direc- 
tion of these deviations. The same method was praetised by Wel- 
TON & Morris (1925) with regard to the yield of hay in Ohio, which 
proved to inerease with the precipitation, but decreased with rising 
temperatures in May and June. As to the yields of hay in the State 
of New York, Misner (1926) found that they depended mainly 
on the precipitation in April—June. Bredia (1925) found, by means 
of a similar method, that the yields of cereals in Sicily generally 
inereased with precipitation in April and May, but that this was 
not always the case, which suggested the existence of an optimum. 

Pointing out that a direct comparison between precipitation and 
yield data was not quite appropriate, since the yield showed a marked 
secular trend, Baur (1924) praetised the method of taking the dif- 
ferences between successive years for precipitation as well as for 
yield. In this way he showed that there was a negative relationship 
between the precipitation during the months from February to 
July and the yields of winter cereals in Bayern. As to the yield of 
Oats, he foimd that it was very markedly depending on the June 
precipitation. 

In several studies of the influence of rainfall on crop yield, the 
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correlation between the two factors or the regression of yield on pre- 
cipitation was determined. Thus Hookee (1907) found pronounced 
correlations between the precipitation in the spring months and the 
yields of oats and hay in eastern England. As to barley, he found 
the best conditions to be a cool and dry summer, a rather unusual 
combination, as Hookeb himself remarked. Blair (1913) found 
that the yield of spring wheat in Bakota showed a significant corre¬ 
lation with the rainfali in May and June. Smith (191 Ö) correlated 
the yield of potatoes in Ohio 1860—^1914 with the precipitation in 
July and August and obtained a positive, although not very marked, 
correlation. 

In regions of scanty rainfali a high correlation between rainfali 
and crop yield can of course be expected. This has also in several 
investigations been proved to be the case. As an example it may 
be mentioned that Mattice (1926) obtained a correlation of 0.76 
between the rainfali in May and June and the yield of spring wheat 
in Colorado, and Patton (1927), a correlation of 0.62 for the yield 
of the same crop and the rainfali during the same period in Montana. 
By comparing the annual precipitation with spring wheat yields 
at 14 experiment stations within the corn belt in the United States 
for the years 1906—1935, Cole (1938) found, too, a correlation of 
0.76. This result, however, does not fully agree with investigations 
previously performed by Chilcott (1927) in the same region. He 
found that the annual precipitation certainly seemed to be of some 
importance, but was seldom or never the dominating growth factor. 

In his investigations in 1912 Watt found negative correlations 
between the yield of potatoes in Scotland and the rainfali in June 
and July (— 0.55 and — 0.45, respectively). Geddes (1922) found 
a correlation of 0.71 between the yield of hay in Scotland 1885— 
1919 and the rainfali in early summer. However, the year 1916 
was omitted, as being an abnormal year with unusually high pre¬ 
cipitation but still with a poor yield. 

Bekce & WiLBAUx (1936) found a correlation as high as 0.81 
between the yield of sugar beets in Belgium and the September 
rainfali. On the other hand, the sugar content decreased with in- 
creased rainfali in September, a circumstance that has also been 
pointed out by other authors, for example Cederborg (1935). In 
investigations regarding the correlation between the climatic fac¬ 
tors and the yield of various cultivated plants in France, Sagebr 
(1926) found that the correlation was in most cases negative. In 
this connection de Montbssxjs de Ballore (1926) proposed that 
in computing the correlation it would be more appropriate to use 
the differences between the years than the original data, i. e. com- 
putation in accordance with the previous suggestion by Baxjr 
(1924). ■ 

In several investigations in our country conceming the influence 
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of the climatic factors on crop yield, the correlation method has 
been employed. Thus Wallén (1917) found a more or less marked 
correlation between rainfall from May to July and yields of spring 
cereals in South and Middle Sweden. With winter cereals Wallén 
obtained more marked correlations with the temperatures as the 
limit of cultivation of the respective cereals was approached, whereas 
precipitation seemed to be of minor importance in these areas. Witte 
(1922 b) found a close relationship between rainfall in early summer 
and the yield of hay on the experimental farm of Flahult in the 
Jönköping provincial district, and Witte (1924) and Osvald (1931), 
high correlations between the rainfall during the growing season 
and the yield from pastures at the same place. For two farms in 
the Örebro provincial district Flodkvist (1927, 1941) found a 
marked relationship between yield of hay and precipitation during 
May and June. 

In several investigations in Germany the so called »Rangordnungs- 
methode» has been used, presented by Holdefleiss in 1925. In 
this method the figures of the two series, between which the rela¬ 
tionship is to be determined, are numbered according to falling va- 
lues, whereupon the differences between the place numbers thus 
obtained are calculated. With complete »Rangordnung)> the sum 
of these »Rangordnungsdifferenzen» will evidently be zero. With 
inverse »Rangordnung» it will be : 2 or —1): 2, depending on 
whether the number of years (n) is even or odd. If the sum of dif¬ 
ferences be less than half this sum, correlation (positive) is assumed, 
the more marked, the smaller the sum in question. Holdefleiss 
was of the opinion that although his method was in some respects 
imperfect, this was none the worse than with the correlation method; 
in fact, the results obtained by the former method agreed better 
with real facts than the results from the latter one (Holdefleiss 
1929). Of the same opinion were Scheinebt (1928), Wilhelm 
(1937), and others. 

The above mentioned investigations in Sachsen (Schulze 1929, 
Neustädt 1929 etc.) were performed according to Holdefleiss’ 
»Rangordnungsmethode». The results showed with fairly good 
agreement that spring cereals were affected favourably by heavy 
rainfall in May and June. In several cases there was found a negative 
relationship between yield and temperature during these months. 
Potatoes and root crops were generally furthered by heavy rainfall 
during the period from June to September. As to winter cereals, 
wheat seemed to prefer high temperatures during the months Ja- 
nuary to March, whereas rye seemed to be more independent of 
variations in the climatic factors (cf Holdefleiss 1930). 

The »Rangordnungsmethode» was practised by Gbelach (1930) 
lor a district in Pommern, where rye seemed to thrive at a low rain¬ 
fall in June and July and wheat at high temperatures during the 
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same period. Wiechmann (1931), too, used the »Eangordnungsme- 
thode» during his investigations in Altmark and found that winter 
wheat preferred low temperatures in June and July. Gösele (1929) 
practised the methods of correlation and of »Eangordniing» simul- 
taneously on plot yield data from Hohenheim. Among other things, 
he found that the weather conditions in May were of slight importance 
for spring wheat, barley, and oats. Barley was influeneed favourably 
by a light rainfall, moderate temperature, and a low number of in- 
solation hours during the inonth of June. Oats seerned to prefer 
relatively low temperature in June. 

The statistieal investigations hitherto mentioned have only treated 
the relation between crop yield and a single climatic factor during 
a certain part of the growing season. As was pointed out in the in- 
troduction, the yield of our eultivated plants represents the united 
effect of a number of growth faetors. Between these there exist 
generally e.ertain interactions. It is therefore natural that a study 
of this kind will give only a rough picture of the actual relation. 
If allowance can bo made for the effect of the remaining growtli 
faetors as well as for the faet that the time before and after the period 
in question influenees the yield (Baumann 1938), the net regression 
thus obtained of the yield upon precipitation should obviously be 
the best measure of the influence of precipitation during the exa- 
mined period. 

In some previous investigations these things have been considered 
to a certain extent by using partial correlation or multiplc regression. 
Fitting to the given weather and yield data a inultiple regression 
equation of the type 


y U “h “h ^2 ^3 ^3 * • M 


where y was the the crop yield and x^^ ^3 • • • various climatic 

faetors, such as precipitation, temperature, percentage of sunshine 
hours, etc., Blair (1919) found that a warm March and June and 
a cool and dry May were favourable conditions for a high wheat 
yield in Ohio. He also found that precipitation and temperature 
conditions during the rest of the months could be neglected. In 
another paper Blair (1918) showed, by means of partial correlation, 
that in North Dakota the influence of precipitation on wheat yields 
was greater than the influence of temperature, whereas in South 
Dakota the reverse was true. Kincer & Mattioe (1928) also found 
a marked net regression of spring wheat yields in North Dakota on 
the precipitation from April to June. As to the yield of hay in the 
State of New York, Mattice (1926) found a marked positive net 
regression on the rainfall in May and June, but a negative net re¬ 
gression on temperature from April to June. 

By studying the relation between spring wheat yields and the 
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precipitation from May to July and from August to April in the cen¬ 
tral regions of western Canada during the period 1916—1934, Hop- 
KiNS (1936 b) found for the yields a significant net regression on the 
May—July precipitation. Prytz (1935) obtained, when he analyzed 
the results from Banish field experiments, a positive net regression 
of the yield of hay on the rainfall in April, but a negative net re¬ 
gression of barley yields on the rainfall during the same month. 

Hookrr (1922) and Högberg (1926) both used the method of 
breaking up the growing season into overlapping periods of eight 
weeks each. The first period included weeks 1—8, the second weeks 
5— 12 and soforth. I1ooker’s investigations dealt with the yields 
in eastern England 1885—1921. By computing the partial regres¬ 
sion of the yield on precipitation and temperature he found a marked 
negative relationship between the yield of spring cereals and the 
temperatures of May and June. For the yield of oats he found a 
fairly pronounced relation with the precipitation during this period. 
As to the yield of hay the precipitation in April and May seemed to 
be the dominating factor. 

The aim of the investigations performed by Högberg was to study 
irrigation of sugar beets in the Southern mainland of Sweden and on 
the island of Gotland. Högberg came to the result that for the main¬ 
land of Southern Sweden deficient spring rainfall would be rare. 
It would not be until the beginning of June that irrigation of sugar 
beets might become necessary in Blekinge and in the Southern and 
eastern parts of Skåne. As to Gotland, on the other hand, a positive 
net regression of sugar beet yield on precipitation was obtained for 
all the periods included in Högberg ’s investigations. 

At the NJF (Nordisk Jordbrugsforskning) congress in Copenhagen 
in 1935, a committee for studying meteorological questions of current 
interest for agriculture was appointed by the section of agricultural 
hydrotechnics. At meetings in Stockholm in 1937 and in 1938 to- 
gether with the committee for drainage experiments within the same 
section there was discussed, among other things, the question of 
working out comraon Scandinavian surveys of agro-meteorological 
literature. A survey of this kind was published by Prytz (1939). 
As a part of the work planned by the agro-meteorological committee, 
KristeNkSEN (1937, 1941 a) has published investigations from the 
Askov Experiment Station treating the relation between climatic 
factors and plot yield data. Kristensen first correlated the yield 
data with the precipitation for each month. On the basis of the cor- 
relation thus obtained, different weights were given to the precipi¬ 
tation during various months. For the hay yields, for instance, the 
rainfall in May was given double weight compared to that in June. 
Thus the computed precipitation of May + June was (May X 2 4- 
June): 1.6. These »weighed» amounts of precipitation were then used 
in computing the regression of the yields of the various plant spe- 
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des on predpitation. In this way Keistensen found that the aver- 
age dimate in Denmark was too dry for the production of hay, 
but also showed that the leguminous plants appeared more resistant 
against drought than the grasses. Oats, too, seemed to prefer larger 
quantities of predpitation than the normal ones. 

A spedal method of correlation that has been used quite exten- 
sively in studies concerning precipitation and yield data was sug¬ 
gested by Fisheb (Fisher 1925, Houseman 1942). This method 
has the advantage that the precipitation periods are very short. 
With an increased number of variates in the multiple regression 
equation 

y = O + ZiCPi + ^2^2 +-== O + S ZiCCif (8) 

where a?i, a? 2 , ... is the predpitation during successive periods 
of the growing season, the statistical difficulties are also strongly 
increased. For that reason the usual method becomes impractical. 
However, when the season is divided into small intervals, Fisher 
found that the true regression coefficients for adjoining intervals 
could be expeeted to differ only with small amounts. If the regres¬ 
sion coefficients in (8) were plotted against time, they could, there- 
fore, be expeeted to fall on a continuous curve. Thus, the partial 
regression coefficients in (8) might be expressed as a polynomial 
funetion of time 


Zi — Uq -{“ “i" ^3 . -j- ^9) 

where Ui, U 2 j • • • uu are the regression coefficients in the polynomial 
and ti the i:th interval of time. 

With (9) substituted in (8) we get 

y = 0 + X (««o + + '^2^’ H-+ UhtfjXi (10) 

or 

y = G -f ^0 2 Xiti + 1^2 S -F • • • -I- Wjfc 2 Xit\^ 

If 2 == -Wo, 2 , ... 2 Xit\ = (10) can be written 

y == G H- UqVq -f + ^ 2^2 +- ^ UkVk. (10 a) 

If records of rainfall are available for each interval of time <i, 
< 2 , t^ • •. tn for a number of years, a set of t?-value for each year can 
be caleulated. With these i;-values considered as independent va¬ 
riates, the partial regression coefficients Wi, Uz, ... Uk in (10) can 
be computed. Then it is possible to compute the coefficient Zi for 
each interval of time according to (9) and, consequently, to con- 
struet a curve showing the effeet on the yield of each unit of rain¬ 
fall above the average during any time of the year. It is to be noted, 
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Fig. 4. Avorage effect of rainfall on the yield of winter wheat at three experiment 
stations in Kansas. The curve shows the influence in bushels per acre for each inch 
of rainfall abo ve the average (Pallksen & Laitde 1941). 

Ilowever, that the method does not take into consideration possible 
differential effects of various amounts of rainfall above the average, 
but the variation is assumed to be linear with the deviations of the 
rainfall. 

In his original paper, Fisheb (1926) divided the year into periods 
of six days each and nsed a fifth degree polynomial for determining 
the curve according to (9). Fig. 4 illustrates the result from an in- 
vestigation by Pallbsen & Laude (1941) on the yield of winter 
wheat at the Kansas State Experiment Station. It was carried out 
according to the method just mentioned. The figure shows the c^h 
culated effect on the yield in bushels/acre for each inch of precipitation 
above the average (or the corresponding decrease in case of deficit). 

By investigations on the yield of spring wheat in western Canada 
according to Fishbr’s method, Hopkins (1936,1936 a) established 
that, as a rule, supernormal precipitation caused an increase in yield, 
although the soil type conditions, too, effected the results. The 
greatest influence was found to be exerted by the June precipitation. 

WiSHAET & Magkenzie (1930) applied the method above men¬ 
tioned on barley yield experiments at Eothamsted. They found 
here that high precipitation in June and July was favourable, whe- 
reas for the rest of the year it seemed to act markedly negatively. 
Kalamkab (1933) examined the yield of fodder beets at the same 
place and with the same method but found that the variations in 
crop yield depended on so many factors that it was impossible to 
make any definite conclusions with regard to the yield outcome 
solely on the basis of precipitation. 

Besides the investigations mentioned above several others have 
been carried out. Among other things there has been a number 
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of investigations on the Southern hemisphere. However, these were 
all performed according to one of the above methods. For that rea¬ 
son it was not considered necessary to deal more particularly with 
these investigations. 

2. Author’s investigations. 

From the preceding part it is clear that in previous studies on 
the relation between rainfall and erop yield several methods havo 
been employed. Some authors have contented themselves with 
grouping the material aeeording to a eertain system in order to get 
an idea of the charaeter of the relationship. In most eases, however, 
the material has been subject to statistieal analysis in some way 
or other. The former method no doubt implies a eertain warrant 
that no false eonelusions could be drawn eoneerning the relation. 
On the other hand, such a method does not render possible a deeper 
understanding of the very causality, mainly because the dependent 
variate, the erop yield, eannot be made free from the influence of 
other factors beside the one, the effect of which is primarily to be 
studied. In order to make it possible to express in a fairly clear 
and perspicuous form su(3h a complicated relationship as actually 
exists, some kind of statistieal analysis will therefore be the most 
appropriate way. 

When analyzing a material statistieally it must, however, be re- 
merabered that statistics is only a de vice, by the aid of which eertain 
estimated, smoothed values may be obtained, showing a more or 
less good agreement with the primary data depending on the ehar- 
aeter of the method employed. Hence it follows that the essential 
and fundamental thing is not the method as such and its more or 
less aeeomplished form from a statistieal point of view, but rather 
that the method is in the highest possible degree adapted to the na- 
ture of the material to be analyzed (ef Ketstensen 1941 b). 

As indicated above, we must assume that the relation between 
precipitation and erop yield is curvilinear with an optimum at a 
eertain amount of precipitation. In arid regions, where the average 
precipitation is much below optimum, the precipitation data are 
located mainly to the left of the optimum of the curve. Therefore 
the relation may, approximately, be regarded as linear. For humid 
regions, on the contrary, the fitting of a straight line to the obser¬ 
vations eannot be expeeted to give a satisfaetory result. Aeeording 
to the distribution of the precipitation data around the optimum, 
a positive or negative effect will be found. In neither case, however, 
does the result involve the whole truth. 

As to previous investigations, all of them have been carried out 
in accordance with methods assuming a linear relationship between 
precipitation and erop yield, no matter whether the climate of the 
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examiried regions were of humid or arid type. The not seldom di- 
verging and sometimes even contradictory results should be seen 
against this backgronnd. As an example it may be mentioned that 
SCHEINEET (1929), Gerlach (1930), WiEHELM (1937), and COLE 
(1938) found a positive correlaiion beiween rainfall in early summer 
and the yields of cereals, whereas, among others, Hooker (1907), 
Figuieredo (1919), Sando (1922), and Neustädt (1929) showed 
a negative effe(‘t of the rainfall during the same period. Likewise, 
studies of the variations in the yield of potatoes with rainfall have 
given varying results, the eorrelation being sometimes positive 
(IIeoker 1911, ScmiLZE 1929, and others), sometimes very vague 
or rather none at all (f. g, de Montebsus de Ballobe 1932), some¬ 
times markedly negative (Hooker 1907, Watt 1912, Prvtz 1936, 
and others). Most consistent the hay yield results have proved to 
be, the c*orrelation with rainfall in early summer being generally 
positive for this crop, altliough here results in the opposite direetion 
have been obtained, too (e. </. Höhne 1932). Thus it is evident that 
by the melhods used in hitherto performed investigations concerning 
the influence of precipitation on crop yield, it will not bepossible 
to describe in a clear and distinet way t he relationship really cxisting 
between tln^ two faetors. 

As formerly employed methods are refused as being unsatisfaciory, 
the problem is to find some relatively simple method that in the best 
possible way is adapted to the nature of the material examined and can 
bring forth some (‘haracteristics concerning the relationship. In 
order to arrive at such a method it is necessary to eonsider the 
existence of ciTtain critical periods when the plants aro more depend- 
ent 011 precipitation than at any other time of the growing season. 
This was discussed by several agricultural scientists, e, g, Azzi (1915, 
1921), Eriksson (1923), Ohaptal (1924), Pirotta (1926), Eivieb 
(1926) and in works by Brouwer (1926 a and b, 1930). It is not so 
much the total precipitation of the growing season that determines 
the yield, but rather its distribution during the period (Rimpau 1902, 
pRXisciKHOVSKTi 1912, Kritger 1915, Musbach & King 1924, 
Leppan 1927, and others). Except for extremely dry regions, a 
comparison between the total precipitation of the growing season — 
or perhaps the whole year — and the crop yield will not give a clear 
idea of the problem. It will therefore be necessary to use a relatively 
short precipitation period in order to State what is characteristic of 
this period with regard to plant growth; if not, the eorrelation will 
be largely extinguished. Still, it must be kept in mind that also the 
precipitation conditions before and after the tested period will affeet 
the yield (cf Baumann 1938). Hence follows that the relationship 
between precipitation and crop yield should be expressed by a func- 
tion system of the type 

y = a + / (a?i) + / {a?2) ^“ / (^ 3 ) + * ‘ ? 


( 11 ) 
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where is the precipitation in one portion of the growing season, 
in another one, x^ in a third one, and soforth. Consequently the 
problem is to find a function that satisfactorily describes this rela- 
tionship. As pointed out in part II, several curve types have been 
applied in analysis of plant experiment data. Of these it seems most 
natural to use the common second degree parabola 

/ {x) — hx-\- ca?®, 

which results in a function system of the form 


y = a + h^Xi + c^x] + ^2^2 ^2^2 + . ( 12 ) 

As Ezekiel (1930) emphasizes, the second degree parabola is not 
very flexible and consequently cannot be expected to describe a 
curvilinear relationship with any high degree of accuracy. For a 
statistical study of a material where the relation is of a markedly 
curvilinear type, Ezekiel therefore prefers the more flexible cubie 
parabola 

y = a 4- h^Xi + c^x\ + d^x] + ^ 2^2 + ^ 2^2 4“ ^ 20 ?? -f* • • •. (13) 

It is evident, however, that in case of several variables entering 
the regression equation, the third degree parabola will be very labor- 
ious in use, and it is therefore doubted whether it is well-grounded 
to use this curve as the basis for an analysis of this kind. For the 
same reason exponential funetions of the type suggested by Plessing 
(1943) will probably be out of question. 

The second degree parabola is a symmetrical and not very flexible 
curve. Still, the author has found, by means of preliminary studies, 
that the relation between rainfall and crop yield may be described by 
the common parabola. By this it is not said that the relation really 
does follow this curve. It has only proved that if a second degree 
parabola is fitted to precipitation and yield data, the correspondence 
between observed and estiraated data in most cases will be relatively 
good, at any rate considerably better than is the case when a straight 
line is fitted. As early as 1897, Wollny was of the opinion that the 
falling part of the curve concerned with the relation between a 
growth faetor and the crop yield was steeper than the rising one. 
Lundegårdh (1925), too, emphasizes that this curve has an asym- 
metrical charaeter (cf fig. 1). This means that in smoothing of data 
by the symmetrical second degree parabola, the computed value 
for the optimum point will correspond to a somewhat lower amount 
of precipitation than would be the case if a more flexible curve — 
e, g, a cubic parabola or an exponential function — had been fitted, 
which would have made it possible for an existing asymmetry in the 
material to appear. 
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By the method Buggested here a net regression of crop yield on 
precipitation for each especially delimited period of the growing 
season is statistically obtained. This, however, cannot satisfactorily 
answer the question. It is not to be expected that the greater part 
of the variations in yield could be described by considering one single 
growth factor, even though it is a very important one. If a reliable 
expression of the effect of precipitation on crop yield is to be obtained, 
the yield data must evidently be made free, as far as possible, from 
the influence exerted by the remaining growth factors. The better 
this influence can be eliminated, the more true the obtained relation 
between precipitation and crop yield will be, and the more positive 
the conclusions to be drawn from the results. 

The factor primarily to be considered beside precipitation is tem- 
perature. In previous investigations a close relationship between 
temperature and crop yield was often found, although in different 
directions for various plant species and regions, or for various por¬ 
tions of the growing season. The yield data must consequently be 
corrected for the influence of temperature. 

Besides precipitation and temperature, however, there are other 
climatic factors of such importance for plant growth that they should 
not be overlooked. Such factors are primarily insolation and relative 
humidity. On the other hand it is evident that in a statistical study 
of this character the number of variates must not be too large, if the 
study shall be possible to carry through. The number of variates 
can be limited, if proper allowance is made for the existing corre- 
lation between the meteorological factors beside precipitation. Thus, 
in so far as two growth factors, a and &, are highly correlated inter 
se, one factor, for example b, can be considered to be involved 
in a. If, then, a certain total regression of the yield upon the factor 
a is found, it must, however, be kept in mind, that in reality the 
obtained result includes the influence of the factor b. 

In order to make clear the existing interrelation between various 
climatic factors, the author has correlated the mean temperature in 
Lund 1901—1940 for the months from May to August firstly with 
the cloudiness and secondly with the relative air humidity. The 
results are shown in table 4, where the <-values for testing the signi- 
ficance of the correlation coefficients were computed according to 
PiscHEE^s (1946) formula for small samples 




rVn — 2 


(14) 


In this table as well as in the following tables in this work the signs 
nsed to indicate the significance of the correlation or regression 
coefficients are as follows: no sign indicates that the probability is 
< 0.80 for the found relationship to be due to a real cause and not to 
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a mere chance (Fischer & Yates 1938), f nieans that the probability 
ranges from 0.80 to 0.90, ft ranges from 0.90 to 0.95; ♦ indi- 

cates that the value is 0.95—0.99, *♦ 0.99—0.999, and ***, finally, 
that it exceeds 0.999. 

Tab. 4. Correlation beUoeen mean temperature and relative humidity 
(r^) and between tnyiperature and eloudincHH (rg) in Lnnd dnring 
April-September 1901-1940. 


! 

Correlation 

April 

1_ 

j Juno 

July 1 

Aug. 

Sept. 


- 0.119 

i 

- 0.202 

! 

, -0.40N»* 

-0.479** 

-0.493** 

0.067 

r9 

- 0.1 r>3 

; - 0.376* 

1 -0.793*** 

-0.633*** 

- 0.624*** 

0.326* 


As is seen from tablc 4, there is a marked negativen correlation 
between the examined faetors in both cases. As to the eloudiness, 
the results are analogous to earlier investigations by Högberg (1926), 
who found for the years 1866—^1905 a correlation between eloudiness 
and temperature at Uppsala that was — 0.72 for May, — 0.71 for June, 
and — 0.76 for July. As an approximation, though very rough, inso- 
lation as well as relative air humidity may therefore be (‘.onsidered 
as involved in temperature. 

As mentioned in a previous part, the observations on preeipitation 
must refer to the very same plaee as the yield data, if the relation 
between preeipitation and crop yield is to be eomputed satisfaetorily. 
As to temperature, this faetor does not show sueh marked loeal 
variations, and, therefore, the demand that temperature observations 
should be carried out at the same plaee need not be followed with 
the same strietness. For the examined loealities, exeept Ultuna, 
no unbroken series of t(unperature observations could be obtained 
for the years ineluded in these studies. Official records of the rnonthly 
mean temperatures for 1940—1942 were not available at the time 
when the investigations were begun. Completing data were there¬ 
fore taken from the nearest meteorological main station. Some 
corrections were, however, made as indicated below. Thus, for 
Alnarp and Bollerup, the data from Lund were used. For Bjärka- 
Säby they were obtained from Linköping, for Klagstorp from Skara, 
for Varpnäs from Karlstad, and for Vassbo from Falun. The correc- 
tion for the rnonthly mean temperatures found at the main stations 
was made in the following way in order to be applicable to the respect- 
ive farms. For the years in which temperature observations were 
made in both loealities, the average differences for the various months 
have been eomputed (table 5). These differences have then been 
added to the temperatures observed at the main station during 
the years from which temperature data from the locality investigated 
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Table 5. Äverage differences between the mean temperature at the 
examined farms and the mean temperature at the neighbouring 
meteorologie main station. 


I Locality 

Period 

Jan. j 

Feb. 

March j| 

AprU 1 

May || 

June il 

1 

3 

hj 

Aug. 1 

Sept. || 

V 

O 

■5S5S 

> 

Dec. j| 

Year j| 

’ Alnarp-Lund ... 

1919—1939 

+0.3 

+0.6 

+0.2 

+ 0.4 

+0.4 

♦ 0.4 

+0.6 

♦ 0.5 

*0.5 

+ 0.3 

♦ 0.2 

+0.2 

+ 0.4 

Bollerup-Lund . 

, Bjärka-Säby- 

1919—1939 

-0.3 

-0.3 

-0.5 

-0.6 

-0.7 

-0.4 

-0.1 

+ 0.2 

+0.2 

-0.1 

-0.2 

-0.8 

-0.2 

Linköping.... 

1915—1939 

0.6 

0.4 

-0.6 

0.5 

-0.3 

-0.4 

-0,6 

-0.4 

-0.5 

-0.4 

-0.4 

-0.6 

-0.5 

Klagstorp Skara 
Varpnäs -Karl¬ 

1929—1939 

"0.3 

10.0 

;o.o 

_0.0 

nO.l 

♦ 0.2 

♦ 0.3 

+ 0.3 

+0,2 

-0.3 

-0.4 

-0.3 

10.0 

stad . 

1921—1929 

-0.7 

-0.4 

^O.O 

-0.1 

-0.7 

0.8 

0.7 

-0.8 

■0.7 

-0.8 

-1.0 

-0.6 

-0.6 

Vaesbo I^‘’alun .. 

1922—1939 
(oxoept 1926) 

-0.7 

-0.6 

-0.2 

1 

-0.3 

-0.4 

0.3 

0.1 

- 0.2 

-0.4 

-0.6 

-0.8 

-0.8 

-0.4 


were lacki ng. A comparison between tables 1 and 5 will show the 
years concerned in the various cases. 

As to Ulvhäll and Nord vik, no official temperature observations 
have been made. Therefore such data were taken from Västerås, 
about 40 km northwest of Ulvhäll, and from Härnösand, about 
25 km South of Nordvik, 

The temperature data on whieh the present investigations are 
based are in all the cases monthly mean temperatures, i, e, the average 
of the daily mean temperatures. However, the daily temperatures 
as found in the publications of the Meteorologiska Centralanstalten 
and the corresponding monthly averages were not computed accord- 
iiig lo the same principles before 1914 as from and including this 
year. Before 1914 the monthly average was computed by means of 
Edlund^s formula 

tm, == {tg -f ^14 + ö ^2l) • 

where the indiees signify the hour at which the temperature obser¬ 
vation was made (Edlund 1859). In 1914 and after, the average 
t(‘inperature has instead been computed according to formulas sug¬ 
gested by Ekiiolm (1914). In order to get the best possible agreement 
with the monthly mean temperatures computed by the aid of Ek¬ 
iiolm’ s formulas, the following corrections have been applied to 
temperature data before 1914: for June —0,1°, for February, March, 
May, and November 4 0,1°, for April and October +0,2°, for August 
4 0.3°, and for September +0.4° (cf Eubenson 1898). The average 
for each month of the temperatures thus corrected with correspond¬ 
ing standard error is given in table 6. 

Analogous to the relation between precipitation and crop yield, 
the relationship between temperature and yield is likely to be curvi- 
linear (Lundegåedh 1925), even though the optimum range be 

14"—46590 léantbrukshögekolaM Annaler, Vol. 14 








Table 6. Mean Umperature in centigrades (°C) at the examined farms. The upper Kne of figures 
indicales the temperature, the lower line its standard error. 
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rather wide. However, from a comparison between tables 2 and 6, 
the great difference in amplitude between precipitation and tempe- 
rature is easily understood. For the interval within which the tem- 
peratnre varies, the relation between temperature and yield may 
be regarded as approximately linear. 

From the discussions above the conclusion may be drawn that an 
investigation of the relation between climatic factors and crop 
yield, in order to arrive at an approximately correct result, can be 
limited to studies of the effect of temperature and precipitation (cf, 
however, pag. 210—211). According to the demands on an investiga¬ 
tion of this kind, different ways of proceeding may be followed. One 
possibility is to eompute the multiple relation between temperature 
and crop yield by breaking up the growing season into certain 
sectioiis, and to use the deviations thus obtained from the regression 
equation, the residuals, instead of the original yield data, in deter- 
miiiing the multiple relation between precipitation and crop yield. 
This method can be applied only in case the correlation between 
temperature and precipitation be negligible. However, it is seen from 
table 7, in which is shown the correlation between precipitation and 
temperature during the months from May to August at the examined 
farms, that there is generally a rather pronounced negative correla- 
tiou between the two factors. This means that the original data are 
sornewhat misused if the correlations temperature—yield and pre¬ 
cipitation—yield are computed independently of each other. Hence, 
this line of apx)roach may not be considered appropriate. 

Another method to be discussed is the computation of the multiple 
relation between precipitation, temperature, and crop yield for each 
particular section of the growing season by successively introducing 
the residuals from the immediately preceding period. Thus, 6. g. 
this relation might first be established for May, and then the residuals 
from this regression equation might be used in order to establish 
the corresponding relation for June etc. For this way of proceeding 

Table 7. Correlation between precipitation and temperature at the 

examined jarms. 
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Table 8. Gorrelation between the mean temperatures during different 
months in Lund according to Charliee (1915). 



April 

May 

June 

July 

March. 

0.421 

0.303 

0.209 

0.146 

April. 

0.429 

0.409 

0.361 

May. 

1 

0.580 j 

O.-^ilS 

J uno. 

i 


0.734 


it is required that the temperature, as well as the precipitation, during 
a given period varies independently of that in the immediately pre- 
ceding or immediately following period. As to precipitation, the 
correlation between the different months is generally ratlier slight, 
why in this respect the method may be justifiable. On the contrary, 
as shown e. g. by Charlier (1915), there is a high correlation between 
the temperatures of two successive months (ef table 8). Hence follows 
that this method, too, is unpracticable, if a reliable result is to be 
obtained. Accordingly, the only possible way is to let the precipita¬ 
tion as well as temperature of all the periods enter into the regression 
equation. The result of this, however, will be that the number of 
variates in the regression equation does become rather large. 

If the temperature during different parts of the growing season 
be denoted Wj, , , and the precipitation the 

regression equation fitted to the given temperature, precipitation, 
and yield data may conveniently have the form 

y ^0 ^ 2^2 4“ • • • *r ZnUn 4* t?! 4~ + 4* ^n4 3?)2 

+ 4- • •, (16) 

where the coefficients z^, .. are computed according to the 

method of least squares by solving the normal equations 

^ UlV 4" ^ ^1 '^2 ' 4- Zfi\uy Un 4 Zn^i^ Ui Vi 4- 

4- + f .. .] rr: 0 

^ '^2y [“^1 ^2 4" Z^^Ut> 4" • • • 4~ Zn \ U^Un 4" -f 1 i- ^24* 

4- 4 2 X ^2 4 • ‘ = 0 

2t?iy — 4 Wa^l 4- • 4 Zn^UnVy^ 4 Zn^lYéVl 4 

4 Zn-\-2 S 4 • ' ] = 0 
- [^l2 4 Z^^^U^vl 4 •• 4 Zn"^UnV\ 4 4 

4 Zn^2 2 I?} 4 ' • •] = 0 


(17) 
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in which Wj, Wj, . denote the deviations from the respective 
averages. 

In order to establish whether the partial regression coefficients 
«8... are significantly separated from zero, the corresponding 
standard errors b b (z^) etc. must also be computed. The remain- 
ing scatter of yield data around the multiple regression equation, 
i. e, the sum of the squared deviations, is computed according to the 
formula 

Sy* — [äjS Wiy + ^aS Wjy + • + ^nSi^ny + Zn^i^v^y + 

+ S y -f • ■ • ] = S (5^ (18) 

(cf. e. g. Ezekiel 1930). 

In solving the system of normal equations given above the author 
has used the method of successive elimination by means of auxiliaries 
according to Gauss (Meebiman 1910). If the number of variates 
entering the equation system be n, the last auxiliary will be equal 
to the sum of the squared deviations, or 

S5* = [yyw] (19) 

and the standard deviation, ä, if the number of observations be m, 

, = ,501 

K w — n — 1 

The standard error for any regression coefficient zi is obtained 
from the formula 


e (2f) = 



( 21 ) 


If the number of variates be n, for the sake of simplicity here 
written asj, x ^,. Xn, the quantities p,„ pt,, pt,.., pi„ are compu¬ 
ted according to the formulas 

~{X!tiXn-n — 1] 

^ [«n ®n • M - 1] [a!„_i O^- i • n — 2 ] 

\xnXn-n — 2] 

~ 1] [igfi-ia?«-l •» — 2 ] \X n-tXn-‘Z • w — 3] 

Pj = £?**!•.■_?. 7".^5 [a^ -i x» - x • n — 2 ] a!n- 2 -» —3][i g.-siBi.-8-w—4] 

• [®„ af» • » — 2]«_s • a>»-i • w - 3']«-s • [»»-s Xn-i • n - 4] 


__[®» a»»^ y ~ 2]... [af^a?! ‘ 3] [afg af^ • 2] [afj af; • 1} 

fa!» a!» • n - 2], • ia!»_i a!,_i • n - 3],... [x^Xf • 3], • [a! 4 a !4 • 2], • [afj af, ■ 1] 

__[ a!» a;» • n — 1] [af»-i x »-i • w 2]... [a !3 Xf * 2] [af^ af^ • 1] [afj Xj} _ 

Ka!» • n — 2)i • [a!»-i a!»-i •» — 3],... Ka!, • 2]i - [x^x, • l]i • [af,a!,]. 
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where 

[a?3 • l]j — [^^3 J?3] [ir2 I ^ 2 ] 

\x^ • 2]j — [.T4 X^ * l]l [.^3 X^ • l]i : [^*3 ^*3 • 1] 

[Xn iTn • w — 2]i — [Xn Xn ' n — — [.r«_i Xn * n — 3]f : [Xn-x Xn-l • >l — 3] 

and 

• 2]2 = [^4^4 • 1] — ['^3*^4 * 1? *• 

1^5*'^5 * ~ [^6^5 * [^4^5 * • L^4*^4 * ^^2 


[XnXrt • n — 2]2 = [XnXn * n — 3]}: j"» -i • n—SJa 

etc., and thus 

\Xfi-^X Xn^l * ‘i'1 3]w—3 \_Xn—l Xfi~^x * 71 4] [.r^^ _2 ‘ 4]^. 

: [Xn- 2 Xn~ 2 - n — 4] 

[XnXn ' 71 2 ]/!'.3 \X'nXfi, • 71 3]ii-3 \Xn- ] Xn * 71 3]«-3 l 

• \Xn -1 Xn 1 * 7} 3 j44-3 

and, fin all v, 

[XfiXn ' 71 2jrt—2 {_Xn,Xn ' 71 3] ““ [_Xn -iXn * 71 3]“ J 

• \Xn —1 —1 ' n 3] . 


For the last coefficients of the regression equation tlu», computation 
of the standard errors will evidently be very simple, whereas they 
become inore intrieate, the further back in the series they are located. 

In addition to temperature tliere are, however, some other factors 
that must be considered, as they have a disturbing effect on a study 
of the influence of precipitation on crop yield. At the examined 
farms crop rotations have been practiced, as shown in table 3. Then 
it must be considered that the difference in production capacity of 
the various fields in the rotation may have more or less influenced 
the yield (cf Mortensen 1909 and others). It is to be expected that 
this influence will be the more marked, the longer the employed crop 
rotation has been. In order to make possible a correction of the 
yield data in this respect, detailed records on the use of the fields 
must be available. Only from one farm, Alnarp, necessary data could 
be obtained for a correction of this kind or, rather, for an attempt of 
correction. At Alnarp a four year crop rotation without fallow, the 
Norfolk rotation, was used on the greatcr part of the farm during 
the period for this investigation. The raain crops were winter wheat, 
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Table 9. Gorrection of the yield records at Alnarp 1901-1942 for 
fertility variations in the soiL Four years' rotation (wheatj sugar 
beets, barley, and a elover and grass ley). 


■ " ... .... 


Field No. 


1 —' —~ 

Crop 

i I 

1 II III 

IV 

Mean 


I Yield dt/ha (average for 10 years)| 


Wheat . 

. 36.2 

34.5 

i 37.2 

1 34.9 

35.7 

Sugar beets. 

356 

358 

387 

390 

373 

Barh^y. 

. 36.5 

34.3 

38.4 

, 35.3 

36.1 

Hay. 

.! 44.3 

51.6 

: 51.7 

53.8 1 

50.3 


1 

1 

Relative yield 



Wheat. 

1 

.\ 1.014 

0.966 

1.043 

0.977 

1.000 

Sugar boets. 

. 1 o.o:>4 

0.961 

1.039 

, 1.046 ! 

1.000 

Barlev . 

.i 1.010 

0.951 

1.063 

i 0.976 1 

1.000 

Hay . 

. 1 0.879 

1.020 

1.026 

1 1.069 ; 

1.000 

Mean .. 

. 1 0.964 

0.976 

! 1.043 

1 1.017 1 

1.000 

Factor for correction of the yield 

, ; 


1 

1 " ■ ; 


data " 1 :mean . 

. I 1.037 

1.025 

; 0.959 

1 0.983 1 

1 


surrar beets, barley, and one year’s ley of elover and grasses. There- 
fore it would be poiisible to eoinpare e, g, the average yield of winter 
wheat from the different fields during the period of 40 years; 
eaeh su(*h average eonsequently representing ten years. But since 
the average growing oonditions for the years 1901, 1905, 1909 . . . 
are very unlikely to have been the same as for the years 1902, 1906, 
1910 ete., this method of correction may be somewhat inadequate. 
Therefore it was considered better to include the average yield for 
ea<»h crop from eaeh one of the four fields. Based on this, the relative 
yield for eaeh field and crop was computed. The results are given 
in table 9, where the bottom row shows the correction factors thus 
obtained. 

Another very important factor that must not be neglected, is the 
variation with time, the secular trend, that is generally to be found 
in the yield data. Owing to better cultivation methods, intensified 
manuring, better plant varieties, more effective methods against 
plant diseases etc., the yields in our country show a tendency to 
increase with time. Thus, according to Nilsson-Ehle (1927), in the 
four decades 1881—1920, the average increase in the yields oi our 
cereals, per unit of area, was 21 %. He considered 11 % to be caused 
by the use of improved varieties. For correction of yield data with 
regard to the secular trend various methods are possible. One way 
that was earlier practised in several cases is to use the differences 
between successive values instead of the values themselves (Meinar- 
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Fig. 5. Yield of oats at Bollerup 1913—1942. The diagram illustrates the method 
of correcting the actual yield data for the influence of the secular trend. 


DUS 1901, Baur 1924, and others). Another way is to express the 
yield as a percentage of for example the average from the three imme- 
diately preceding years, and then use these percentages (Alsbebg 
& Griffing 1929). 

In the present investigations, correction for the secular trend was 
made as if it was linear. As has of ten been pointed out previously, 
relations of this type are generally not linear, and the author is well 
aware that the assumption of a linear change implies an approxima¬ 
tion. Yet, for a study of the problem in question, this way has been 
considered satisfactory. Correction of yield data for secular trend 
was therefore made by means of a straight line, fitted according to 
the method of least squares, a manner of proceeding which has pre¬ 
viously been practised by Wallén (1917). Contrary to Waluén, 
however, the author has not applied the corrections to the original 
yield data computed from the average in the series. Instead, all the 
yield results were referred to the level of 1942. This was done by 
using a correction proportional to the slope of the regression line and 
the year, as shown in fig. Ö. This method has the advantage that 
results from different localities are more easily compared, even if the 
length of the periods has been different. As can be seen i table 1, 
this has largely been the case, too. 

The average annual variations in crop yields, thus computed, are 
given in table 10. It can be seen that in most cases there is a clearly 
marked trend, and in several cases even a highly significant one. 





Table 10. Trend of the yield records at the examined farms. The regression coefficients indicate 

the variation in dtjha and year. 
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1913—1942 

1893— 1942 
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BoUerup.... 
Bjårka>Sårby 

UlvhftU. 

Ultuna . 

BLlagstorp... 
Varpnäs .... 

Yassbo. 

Nordirik .... 
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Table 12. Trend of the mean temperature at the examined farms, The 
The temperature observations from January to March during the years 


Locality 

Beriod 

Jan. 

Fob. 

March 

April 

May 

Alnarp . 

1901—1942 

O.04()7t 

0.021G 

0.0230 

0.0128 

0.0125 

Bollerup. 

1913—1942 

0.03C1 

O.OSCfi 

O.oeo 2 t 

--0.0238 

-0.0141 

Bjärka-Säby. 

1893—1942 

0.0543* 

O.OSOflf 

0.0054 

- 0.00Ö3 

0.0004 

Ulvhäll. 

1917—1942 

0.2O30* 

O.niof 

0.073.5 

0.0354 

-0.0142 i 

Ultuna. 

1904^1942 

0.()596t 

0.0060 

0.042O 

0.0081 

0.0234 j 

Klagstorp. 

1891—1942 

0.0546* 

(K034fi 1 

0.0130 

-0.00.)« 

0.0O48 i 

Varpnäs. 

1918—1942 

0.1058 

0.13041 ! 

0.0144 

; -0.0017 

i 0.0027 

Vassbo. 

1894-1942 

0.0633tt 

0.0388 j 

0.0301 

0.0073 

0.0143 1 

Nordvik. 

1890—1942 

0.0701* 

0 0424 i 

0.0297 

1 0.0075 

0.0137 1 


This in spite of tlie great variation tliat yield data are subject to 
because of the influenoe of elimatic faetors. In some eases eorrecdion 
for trend has not been made. The reason is that the type of the yield 
series was sueh that linear smoothing would not have done justice 
to the material. On the other hand, the autlior has reriouneed from 
fitting a curve of higher degroe. 

Not only in yield there is a change of this type due to the secular 
trend. Also with regard to meteorological faetors, the existenee of 
sueh variations has been discussed (Enquist 1932, Pbdersen 1940). 
Fiirther, in a series of papers Ångström has studied the elimatic 
changes of the present time (Ångström 1939, 1941, 1942). Thcse 
studies were based on the differenee between the averages for various 
periods. 

In the present study the average change per year in temperature 
as well as in precipitation has been computed for each month in the 
same way as the change in yield data. The results are given in tables 
11 and 12. As is seen, the annual precipitation data show no pro- 
nounced secular trend exeept for Alnarp. For certain months, on 
the other hand, a trend was established that cannot be ascribed to a 
mere chance. As to temperature, there is a marked trend for indivi- 
dual months. Thus there is a thorough trend for August. For almost 
all localities there is a significant increase in the annual mean tempe¬ 
rature. In smoothing of the temperature data for secular trend, 
however, the data for the period January to March during the years 
1940—1942 were omitted. These data were extremes, and a false 
representation of the secular trend for these months would have been 
obtained, had they been included (cf foot note, page 188). 

For the elimination of the influenoe of the secular trend on the 
relation between precipitation and crop yield, various methods may 
be taken into oonsideration. On account of the interrelation between 
precipitation, temperature, and crop yield, it seems most correct, 
statistically, to introduce time as an additional variate in the mul- 
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regremon coefficienta indicate ihe variation in eentigrades (°C) per year, 
1940--1942 were omitted when the regression coefficients were computed. 


June 

July 

0.0155 

0.0270tt 

0.0264 

0,0161 

-0.0003 

0.0132 

0.0724 

0.0t}47t 

0.03 löf 

0.0591** 

-0.0020 

0.0179 

O.0002tt 

0.0292 

-0.0131 

I 0.0134 

- 0.0015 

0.0239tt 


Aug. j 

Sept. 

0 0473** 

0.0305* 

0.0545tt 

0.0499t 

0.0175t 

0.0085 

0.0743t 

0.0172 

0,0656*** 

0.039.'i* 

0.022C* 

0,0037 

0.0898** 

0,O2r»O 

O.0173t 

0.0029 

0.0277* 

1 0.00(J6 


Oct. 

Nov. 

0.0069 

0.0498* 

0.0376t 

0.0369 

0.0027 

0.0225 

0.0094 

o.ioioft 

O.oiio 

0.O6r>3* 

-0.0027 

0.0187 

0.0212 

o.iiiott 

0.0022 

0.0428* 

0.0073 

0.0148 


Dec. 

Year 

0.0144 

0.0295*** 

-0.0081 

0.0325tt 

0.003Ö 

0.0155tt 

0.0224 

0.0877** 1 

0.0137 * 

0.0431** 

-0.0024 j 

O.OHltt 

0.0298 1 

0.0683 

0.0276 

0.0254*^ i 

1 0.0252 

0.0255** I 


tiple regression equation. This new variate should in some cases 
even have the shape of a parabola, since the trend, as mentioned 
above, eannot always be adequately deseribed by a straight line. 
Another possibility is to correet all the data for the secular trend by 
referring them to the level of 1942. The nmltiple relation between 
temperature, precipitation, and yield can then be computed on the 
basis of data, free from the secular trend. 

In order to make clear to what extent the results obtained by 
these t wo methods will differ, the author has in two cases computed 
the multiple relation between precipitation, temperature, and yield 
on the basis of data free frorn the secular trend and with time intro- 
duced as an additional variate. The computing was done for oats 
at Alnarp and at Bjärka-Säby, and the results are given in tablel3. 
A comparison with table 10 shows that for the yields at Alnarp the 
trend was rather slight, whereas for the yields at Bjärka-Säby it was 
highly significant (♦♦♦), In the former case, the results of the two 
methods were practically identical, regardless of the rnethod used; 
in the latter case, there are certain differences as to the influence 
of temperature. For the influence of precipitation during May and 
June, however, which here is the most important variable (cf pages 
219-225), the net regression was found to be about the same size both 
in regard to the value of the regression cnefficients and to the opti¬ 
mum rainfall. It is therefore to be expeeted that in other cases, too, 
about the same results for the influence of precipitation on crop 
yield should be obtained, no matter which of the two methods were 
applied. 

With regard to the results of these preliminary investigations, 
the author has considered it justified to base the present studies on ihe 
relation between temperature^ precipitation^ and crop yield on trend-free 
data by linear smooihing for trend referred to the level of 1942. Yet, in 
cases where correcting o£ yield data by means of a straight line would 
not have been appropriate, the original yield records were employed 
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Table 13. Partial regression eoeffidents for the relationship between 
temperature, precipitation, and yiéld of oats at Älnarp 1901-1929 and 
Bjärka-Säby 1893-1942. The regression of yield upon temperaturs 
is computed as linear and that upon precipitation as parabolic. In 
I the computation is based on trendfree data, in II with time in- 
troduced as an additional variate. 



Coeffi- 

Alnarp 

Bjärka-Säby 

Cause of variation 

cient 

1 

II 

I 

II 

Time (dt/year). 


0.031 

0.131 

0.455*** 

0.389*** 

Mean temperature April-May (dt/°C) 

Zi 

-0.864 

0.969 

O.eoöf 

1.025* 

» » Jime » 


-0.618 

-0.516 

- 0.183 

-1.077* 

» » July f) 

2* 

1.706* 

1.648tt 

-0.106 

1.031* 

» » Aug. » 

^6 

-3.744*» 

3.739** 

0.034 

0.718 

Precipitation May f Jime (dt/mm) 


0.372** 

0.328** 

0.384** 

0.480*** 


2? 

-0.00177** 

-0.00162** 

-0.00193** 

-0.00220*** 

» July + Aug. » 

28 

-0.201 

0.165 

O.OlO 

0.125 


2® 

0.00045 

0.00038 

-O.OOOOl 

l-O.ooou 

Optimum precipitation in nun 






during May + June. 


105 

101 

100 

108 

Standard deviation. 


3.98 

4.24 

4.29 

4.15 

Coefficient of multiple correlation 






fcf. 0 . 268) . 


0.863*** 

0.842*** 

0.878*** 

0.886*** 


(c£ table 10), As to the computation of the standard errors, it must 
be considered that when trend-free data are used, the standard devia- 
tion must be computed according to the formula 


,9 == 



m — n — 


(23) 


because one degree of freedom is used up at the linear smoothing for 
trend. 


V. Results. 

The present investigations included winter cereals, spring cereals, 
potatoes, root crops, and hay from arable land. Of the winter ce¬ 
reals wheat and rye were examined and of the spring cereals, barley 
and oats. As to root crops, the investigations included sugar beets, 
fodder beets, swedes and turnips, so far as these plant species were 
grown on the various farms (cf table 1). Of potatoes, mainly medium 
late and late varieties were tested. The period of the year included 
in the studies was chosen with regard to the time of sowing and har- 
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Table 14. Daie for ihe beginning of sowing {upper line of figures) 
and harveat (lower line) in average at the ewamined farms. 


Locality 

Wheat 

Rye 

Barley 

Oats 

Pota- 

toes 

Sugar 

beets 

Fodder 

beeta 

Swedes 

Tur- 

nips 

Clover 

and 

grasB 

leys 

Alnarp. 

17.9 

12.8 

18.9 

2.8 

16.4 

8.8 

22.4 

18.8 

20.4 

23.9 

28.4 

8.10 

30.4 

10.10 



15.6 

Bollorup .. . 

8.9 

13.8 i 6.8 

16.4 

6.8 

20.4 

15.8 

1.5 

29.9 

(10.6) 

11.10 

9.10 



14.6 

Bjärka-Säby 

6.9 

6.8 

1.5 

17.8 

9.5 

29.9 



13.5 

8.10 


27.6 

Ulvhåll .... 

29.8 

7.8 


26.4 

13.8 

16.5 

25.9 



16.5 

2.10 


27.6 

Ultuna. 

29.8 

14.8 


1.5 

16.8 

28.4 

25.8 

(23.5) 

24.9 



(24.5) 

5.10 

i 

27.6 

Klagstorp .. 

31.8 

10.8 


4.5 

21.8 

6.5 

4.10 

! 

1 ~ 

11.5 

9.10 

1.7 j 

Varpna» , .. 

26.8 

13.8 1 6.8 


9.6 

23.8 

2.5 

30.9 


1 

i 

9.10 

1 

29.6 

V assbo. 

20.8 

11.8 

7.5 

26.8 

(20.5 

28.9 



(15.6) 

2.10 

7.7 

Nordvik ... i 

i ! 


20.8 

19.8 

23.5 

23.8 

21.5 

28.8 

6.6 

22.9 




(1.6) 

6.10 

13.7 


() The average based on few data. 


vest of the crops. In table 34 thcre is given an account of thedif- 
ferent farms in this respect. As may be expected considering the 
geographical distribution of the exainined farms — Alnarp lies on 
a latitude of 65.7® and Nordvik on one of 62.9® — there are consi- 
derable differences in time for fall sowing as well as for spring 
sowing between the two farms in Skåne and Nordvik. The table 
shows that on the average the fall sowing was begun about one 
month later at Alnarp and BoUerup than at Nord vik, whereasthe 
spring sowing started about one month earlier at Alnarp and Bol- 
lerup than at Nordvik. Also for the haying there is an average 
difference of about one month. As to the harvest of the rest of the 
crops, however, the differences in time between the farms has been 
rather slight. 
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Considering what was pointed out earlier concerning the desirabi- 
lity of not using too long periods in an investigation of this kind, it 
was necessary to use somewhat different procedures for spring sown 
erops and for fall sown ones. For the latter ones, it is not possible 
to include the whole period from sowing to harvesting, provided 
the different variates in the regression equation are not to ernbrace 
very long sections. For spring sown crops, on the contrary, the whole 
growing season or the main part of it could be ineluded. 

In earrying ont the present investigations it seemed natural to 
begin with tliose plant speeies whieh ha ve the shortest growing 
season, i, e. spring cereals. The relation between precipitation and 
yield for the other erops was then deterniined by a method soine- 
what modified as eompared to the one used for spring cereals. On 
aecount of this, the studies of barley and oats will be treated first. 

1. Spring cereals. 

As shown in table 14, the sowing of spring cereals was begun, 
on the average, about April 20th at Alnarp and Bollerup and about 
May 1st on the rest of the farms exeept Nord vik. There it was 
started about May 20th. The harvesting of the spring cereals was 
generally begun about the middle of August or somewhat later. 
For these crops it was therefore considered appropriate to let the 
investigation period comprise the time from and including May up 
to and including August. Thus it mainly (‘orresponded to the grow¬ 
ing season. As for temperature, the average temperature for each 
one of the months from May to August was ineluded as a variable 
in tlie regression equation. For all farms exeept Nordvik, however, 
the mean temperature for April and May was used instead of the 
May temperature. By preliminary studies it w^as ascertained that 
there was all through a positive correlation b(»tween crop yield and 
the mean temperature in April as well as in May. Therefore it is 
evident that the use of the mean temperature for both these months 
did not imply the introduetion of a disturbing moment (cf page 241). 

The same periods that w^ere used for the temperature should of 
course have been used also for the precipitation. In that case, the 
total number of variates would have been no less than twelve. It 
is easily understood that the performan(*,e of an analysis of this kind 
would have been almost impracticable. Instead, two months’ pe¬ 
riods were used for the precipitation. One of them ineluded May 
and June and the other July and August. These periods must cer- 
tainly be considered as relatively long, seen from the viewpoint of 
crop produetion. Hence follows that the pieture of the relationship 
between precipitation and crop yield cannot be expeeted to be as 
clear as in the case of shorter periods, e. g, one month’s periods (cf 
further part VII). Still the length of the periods is such that the 
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acbieved results will give a fairly good idea of the relation (cf Hooker 
1922 and Högberg 1926), 

If the Uij U 2 J ^ 3 , and are used for temperature during the months 
from May to August, Vi for the precipitation during May and June, 
and 1^2 for that in July and August, then the equation used for com- 
puting the multiple relation between temperature, precipitation, 
and crop yield will be 

3/ = -0 + -1 -t - 2^2 +• - 3 % + - 4^4 + + - 6^1 + ^ 7^2 + - 8 ^" ( 21 ) 

By fitting this equation to the calculated trend-free data, the va- 
lues reproduced in table 15 of the coefficients to for the respect- 
ive farms and cereals were obtained. The table also shows the pro- 
bability of significance, calculated according to the formulas given 
on pages 209—210. 

Table 15 will give a rather good illustration of the influence of 
temperature and precipitation on the yield of spring cereals during 
different parts of the growing season. As to temperature, there 
is all through a positive net regression for April and May, especially 
marked for Klagstorp and Varpnäs. The net regressions for June 
are generally rather vague, although in most cases there is a nega¬ 
tive tendency. Por July and August more pronounced relationships 
were found, yet the differences betw^een the various farms should 
be noti(*ed. liius, the relations are mainly negative for the farms 
located in Southern and eastern Sweden, whereas for the other farms, 
they are in most cases positive. As for Ultuna, there seems to be a 
markedly different effect of the temperatures during July and August. 

From the hydrotechnical point of view, the influence of precipi¬ 
tation on yield is most interesting. Table 15 shows clearly that in 
this respect the precipitation in May and June is of primary import- 
ance. Only for oats at Klagstorp and at Varpnäs and for barley 
at Nordviic there is a tangible relationship betwreen precipitation 
in July and August and the yields. In all the cases, however, the 
optimum precipitation was below the average. 

Between the precipitation in May and June and the yield, marked 
net regressions were obtained in most cases. For Alnarp these were 
even highly significant. Purthermore it should be noticed that 
besides the probability that the found relations are due to a real 
cause, there exists a probability about equally great that the net 
regression curve deviates from the straight line. In other words, 
there exists a marked optimum. As a comparison it should be men- 
tioned that the computing of the linear regression of the yield of 
oats at Alnarp on the precipitation in May and June gave the result 
0.038 ± 0,030 dt/ha/mm. This value indicates that it is doubtful 
whether there is any relation at all. 



Table 15. Partial regression coefficients of eight variates for the relationsMp hetioeen temperaturen precipi- 
tatiofiy and yield of spring cereals. The regression of yiéld upon temperature is computed as linear and fhat 
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Pig. 6. Net regression of the yields of spr^ oereals st Alnarp and BoUerup upon 
the precipitation during May and June. 
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Fig. 9. Net regression of the yields of spring cereals at Vassbo and Nordvik upon 
the precipitation during May and June. 
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Thus, the curvilinear net regressions for May and June indicate 
that an increase in precipitation is favourable up to a certain point. 
After this point is reached, the effect becomes negative. From the 
irrigation point of view it is of special interest to find what preci¬ 
pitation corresponds to optimum yield and how this precipitation 
compares to the average precipitation for the period in question. 
This is illustrated by figures 6—9, where the yields for each 
individual year are plotted, though not the actual data but the 
yield that is to be expected, when all variates in the regression 
equation with exception of the May and June precipitation are 
assumed to be constant by having been fixed to their averages. 
Thus, these values are obtained by adding the deviations from the 
multiple regression equation — the residuals — to the estimated 
yield for each year according to the net regression curve for May 
and June. 

In the above diagrams the average precipitation and the average 
yield are denoted by dotted lines. In the cases where the optimum 
value lies within the range of the eurve, the precipitation correspond- 
ing to this value is given. With exception of some cases where the 
net regression curve is nearly linear — in these cases, however, 
the results are entirely due to chance — the computed maximum 
yield is found at a precipitation of around 100—110 mm for barley 
and 100—120 mm for oats (in the latter ease regardless of the 
result from Klagstorp, cf table 15). 

From the diagrams it is elear that the computed average increase 
in yield that would be obtained if the precipitation during all the 
years were increased with an amount equal to the average deficit 
— i, €. the difference between optimum and average yield — is 
in most cases relatively small. This means that for spring cereals 
a general increase in precipitation during early summer would not, 
on the average, be expected to cause any great effect, On the con- 
trary, it is prirnarily during years with a dry early summer that an 
increased precipitation would bring forth an essential increase in 
yield. 

On the basis of the results obtained it is illustrated in table 16 
what the percentage of increase in yield would be by raising the pre¬ 
cipitation during years with deficit to the optimum. It refers only 
to the farms and crops where a marked optimum was found. The 
table shows the number of years during the whole period for which 
it would be possible to obtain the yield increase given in the head 
of the table and expressed as percentages of the expected yields 
given in diagrams 6—9. As is seen from table 16, the majority of 
the years falls within the group < 10 %. It should be noted, however, 
that this group includes the years in which the precipitation ex- 
ceeded the calculated optimum,. Only for Klagstorp a more con- 
siderable average effect would be likely. As to this result it must be 
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Table 16. Computed increme in yiéld of spring cereals when the 
predpitation during May + June is assumed to have been increased 
to optimum according to the net regression curve. The inerease in 
yiéld is computed as pereentage of eoppected yield when other factors 
in the multiple regression equation than the May + June predpita- 
tion are assumed to be constant» The table indicates the number of 
years within the different groups. 


Locality 

Crop 

Total number 
of years 

1 

<10' 

Percenl 

10-19 

bage oomput 
in 

20-29j30-39 

j 

ed inc 

40-49 

rease 

50-59 

60- 

Optii 

poi 

Preci- 

pita- 

tion 

mm 

num 

nt 

Yield 

dt/ha 

Alnarp. 

Barley 

42 

32 

7 

2 

1 

_ 

_ 

_ 

103 

42.B 

» . 

Oats 

29 

21 

3 

4 

— 

1 

— 

— 

106 

39.0 

BoUerup ... 

Barley 

30 

22 

5 

3 

— 

— 

— 

— 

113 

34.9 


Oats 

30 

21 

6 

1 

2 

— 

— 

— 

112 

33.7 

Bjärka-Säby 

Barley 

60 

49 

1 

— 

— 

— 

— 


106 

30.0 

» » 

Oats 

60 

38 

5 

6 

1 

— 

— 

— 

100 

34.0 

Ulvhäll .... 

Barley 

18 

16 

2 

— 

— 

— 


— 

83 

26.3 

Ultuna. 

Oats 

39 

28 

4 

3 

2 

— 

1 

1 

135 

31.1 

Klagstorp .. 

» 

52 

26 

22 

2 

2 

— 

— 

— 

168 

28.8 

Varpnäs ... 

» 

26 

24 

1 1 

— 

— 

— 

— 

— 

101 

25.3 

Vassbo. 

Barley 

36 1 

22 

6 

2 

2 

— 

1 

4 

104 

12.5 

Nordvik ... 

» 

45 1 

39 

5 1 

1 

— 

— 

— 

— 

93 

24.9 

Distribution in % 

100 

76 

16 1 

5 ! 

2 

— 

— 

1 




^ This group includes the number of years during which predpitation has 
exoeeded optimum. 


remembered that the optimum predpitation was found to be es- 
sentially higher at Klagstorp than at other localities. This, however, 
is not established with any high degree of reliability. For all farms 
and plant species in table 16 the calculated average inerease would 
be less than 10 % in 76 per cent of the cases, and would range from 
10 to 29 % in 20 per cent of the cases. A more detailed diseussion 
of the results is found in part VII. 

Statistical analyses of the type used for the spring cereals being 
a very laborious task, in the studies of cultivated plants with longer 
growing seasons than the spring cereals, it has been necessary to 
modify the procedure to some extent. This is based on the following 
viewpoints. 

In statistical analysis it may oceur that computing of the total 
relation between two variates does not give any reliable result, but 
rather one that must be ascribed wholly to chance, whereas a net 
relation with a considerably higher value of the regression coeffi- 
cients is obtained, if one or more additional variates are involved. 
On the other hand, it may appear that by entering a new variable 
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a pronounced total regression tnms into a quite insignificaint net 
regression. Such divergences between total and net regressions must 
then be due to the fact that the factors influencing the dependent 
variable are heavily correlated inter ae, The actual relationship 
between the two first-mentioned factors is in such a case suppressed 
and will not appear distinctly until the influence of one or more 
other factors has been eliminated. If, on the contrary, there is no 
correlation between the independent Tariates, the total and the net 
regression coefficients must be equal, whereas the probability of 
significance will change as the sum of the squared residuals is re- 
duced in proportion to the number of degrees of freedom by the in- 
troduction of new variates. If the correlation between the independ¬ 
ent variates is low, we may take it for granted that there are no 
essential differences between the total and the net regression coef¬ 
ficients. 

Starting from these points of view, it is important to make clear 
to what extent the net regression coefficients in table 16 agree with 
the corresponding total regression coefficients. These were therefore 
computed and are found in table 17. A compaiison with table 15 
immediately shows the far-reaching similarities between the two 
tables. Thus in numerical value as well as in the probability of sig¬ 
nificance the coefficients are largely equal. It is evident, then, that 
although the climatic factors, as was previously shown, are corre¬ 
lated inter ae (cf table 7), yet this correlation is not high enough to 
affect materially the results obtained by calculating the total re¬ 
lation between the individual climatic factor and the yield. 

However, at a doser examination of the two tables it is seen 
that the net regressions are generally somewhat less pronounced 
than the total regressions, and that in most cases the numerical 
value of the net regression coefficients is somewhat lower than 
that of the total regression coefficients. Bvidently the latter fact 
must be ascribed to the interrelation between temperature and pre¬ 
cipitation or to the interrelation between the mean temx>eratures 
for different months. Purther, it is clear that the low or less marked 
total regressions are corresponded by net regressions of more strongly 
changed character. TMs is also quite natural. 

On the basis of these comparisons between the total and the net 
regressions the following conclusions of importance for the future 
investigations can be drawn. To a pronounced total regreaaion correa^ 
ponda moat often a marked net regreaaion^ whereaa an inaignificant 
total regreaaion ia aeldom or never anawered by a aignificant net regrea¬ 
aion. Hence follows, that in cases where it would require very much 
labour to include so many variates in the multiple regression equation 
that the whole period from sowing to harvest was covered,^ at the 
same time as it was divided into not too long sections, a preliminary 
oomputation of the total regreaaion fot different apaeea of time wiU give 



Table 17. Total regremon of the yieldt of spring cereaU upon monthly mean temperature dvring April-Äug., 
resp. precipitation during May-Aug. The regression of yield upon temperature is eompuied as linear and 
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a good idea as to the number of variates ihat should be included in order 
to reach a réliable result Thus, if all more pronounced total regres- 
sions are involved in the multiple regression equation, this will in 
most e^ses be satisfactory. 

What was stated above refers only to the period included in the 
spring cereal investigations. Yet there is no reason to assume that 
the result would have been another one, had these comparisons been 
extended to cover the greater part of the year, L e, such an extensive 
part that the overwintering plant speeies were included, although, 
as is easily understood, this could not be proved. Therefore the 
author thought it justified to apply the above discussed method 
of selecting the variates to be considered in the computing of the 
multiple relation between temperature, precipitation, and yield in 
the investigations discussed below. 

2. Potatoes. 

It is seen from table 14 that on the examined farms potatoes were 
usually planted one or two weeks after the beginning of the spring 
sowing, whereas the potato-digging was, in most cases, begun at 
the eud of Septembt^r. Considering the latter date it is to be ex- 
pected that the precipitation and temperature conditions in Sep¬ 
tember influence the yield, too. The author has therefore performed 
prelirninary computations to study the total relation between po- 
tato yields and precipitation, and between potato yields and tempe¬ 
rature in September at the different farms. In none of the cases, 
however, a significant relationship was found. Hence, it was 
considered satisfactory if the studies were restricted to the months 
from May to August, which is the same period as for spring cereals. 

In table 18 are shown the multiple relations between temperature, 
precipitation, and potato yield computed by the same method as 
was used for spring cereals. It can be found that on the vrhole the 
influence of the temperature in April and May as well as in June on 
the yield of potatoes is positive, although no significant results were 
obtained. With increased temperature in July and August the yield 
apparently tends to decUne (cf Pitman 1926 and others). Contrary 
to what was found for spring cereals, there is no marked difference 
as to the effect of temperature during this period on the yields in 
different parts of the country. 

Por precipitation, a pronounced net regression of the yield on 
the rainfall in May and June was obtained only for Alnarp and Ul- 
tuna; in other cases, the regression is more or less diffuse. The re¬ 
sults from the two first-mentioned farms are illustrated in fig. 10, 
where the plotted values, as before, indicate the yield that may be 
expected, when other factors are fixed to their averages. The yield 
data are fairly evenly distributed within the range of precipitation. 
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PreciptTorton in mm 

Pig. 10. Net regreMion of the yield of potafcoe* at Alnarp, Ultuno, and Nordv& 
upon the prooipitation during May and June {*,) nmp. July and August (*,). 








232 


Gunnar HaMgren 


Further tlie calculated optimum rainfall is, in both cases, about the 
same as the actual average rainfall. Thus the results indicate that 
an essential increase in yield by means of irrigation in May and 
June could be obtained only during occasional years. This, how- 
ever, is applicable only to such varieties as were included in the in- 
vestigations, i, e, medium late and late varieties. The results cannot 
be applied to early potato varieties, which no doubt have a con- 
siderably greater need for water during these months than the me¬ 
dium late or late varieties. For lack of primary material, no early 
varieties were tested. Judging from previous investigations, however, 
it seems probable that the completing of the rainfall by irrigation 
in this case might cause an essential average increase in yield (Claus- 
SEN 1922 and others). 

As for the net regressions of potato yield on rainfall in July and 
August, these are much more uniform. More pronounced relations 
were obtained only for Ultuna and Nord vik, yet it is evident that 
the precipitation during this period is the most important one for 
the potato yields. In all the cases there was an optimum, although 
it was mostly rather vague. The reason why the potato yields do 
not give as marked a response for the rainfall variations as the 
yields of spring cereals, is that potatoes to a greater extent than 
cereals are exposed to factors of temporary nature, primarily di- 
sease attacks. It is true that attacks of the quantitatively most 
important disease, the late blight [Fhytophtora infestans (Mont) 
de Barj^], are dependent on weather conditions in so far as warm 
and moist weather further late blight attacks. However, the fungus 
may become serious in a potato field even if favourable conditions 
for an attack occur only for a short time, and consequently these 
weather conditions are not sure to be reflected in the calendar data 
for rainfall and temperature. 

The relatively small acreage used for growing potatoes also must 
be considered during the interpretation of the results. Thus, this 
area has been on an average only about 10 per cent of the acreage 
of oats. As potatoes generally occupy only a i)ortion of a field in 
the regular crop rotation, and because the soil in such a field is sel¬ 
dom uniform, there must exist greater variations for potatoes than 
for oats or, on the whole, for crops occupying an entire field in the 
rotation. On the other hand, it should not be forgotten that the area 
for growing potatoes is generally selected with more care than those 
for most other plant species. 

As was done in the spring cereal investigations, the calculated 
percentages of yield increase that would have been obtained if the 
precipitation in deficit years had been completed up to the opti¬ 
mum, are given in table 19. The table includes only those cases 
where a tangible optimum point was obtained. Beside the calculated 
optin^um precipitation there is also given, for a comparison, the 
average precipitation for the respective periods. 
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Table 19. Gomputed increase in yield of potatoes when the preci- 
pitation during May-June resp. July-Aug. is assumed to have been 
increased to optimum according to the net regression curve. The in- 
erease in yield is computed as percentage of expected yield when 
other factors in the multiple regression equation are assumed to be 
eonstant. The table indicates the number of years within the different 

groups. 


Locality 

Total number | 
of years | 

Precipita- 

tion 

penod 

Percentage computed in- 
croase in yield 

Average 

preci- 

pitation 

mm 

Optimum 

point 

<10» 

10-19 

20-29 

30-39 

40- 

Preci* 

pita¬ 

tion 

mm 

Yield 

dt/ha 

Alnarp. 

42 

May June 

32 

5 

4 

1 


88 

97 

213 

» . 

42 

July-~Aug. 

38 

4 

— 

— 

— 

146 

167 

198 

Bollerup .., 

28 

» 


27 

1 

— 

— 

— 

140 

143 

173 

Bjärka-8äby 

50 

» 

» 

44 

5 


1 

— 

135 

143 

258 

Ulvhäll .... 

26 


» 

26 

— 1 

— 

— 

— 

138 

125 

207 

XJltuna. 

39 

May "June 

31 

3 

1 

1 

3 

83 

80 

140 

» .I 

39 

July-Aug. 

29 

5 

3 

— 

2 

170 

185 

138 

Klagstorp .. 

50 

» 

» 

50 


— 

— 

— 

131 

100 

183 

Nonlvik ... 

44 


» 

40 

2 

2 

— 

— 

113 

109 

209 


1 This group includes the niunber of years during whioh précipitation has 
exceeded optimum. 


It appears from table 19 that almost all the years fall within the 
group <10 per cent. Aeeording to the resnlts, an average increase 
in the yield of jjotatoes with 10 per cent or more by means of irri- 
gation in Jiily and August would be obtainable for all the farms only 
every eleventh year (cf, however, the discussion in part VII). In 
inost cases the ealeulated optimum précipitation is largely equal 
to the mean précipitation, although the latter has been rather dif¬ 
ferent in the various places. This agrees >i^ith the well-known faet 
that potatoes better than most other cultivated plants have the 
ability to adapt themselves to the prevailing weather conditions 
(cf Berkner 1922 and others). 

The effeet of the précipitation on the quality of the potatoes 
could not be studied in detail in the present material. In previous 
investigations it was stated that the précipitation during May and 
June is of great importance for the formation of the tubers, but that 
the size of the tubers depends primarily on the rainfall from July 
to September. Thus Peiper (1925) found that at abundant rainfall 
in May and June followed by slight rainfall during the rest of the 
growing season there was a large number of tubers under each plant, 
but in spite of this the yield was low. The inverse conditions ga ve 
a smaller number of tubers, which were, however, at least twice as 
big. Therefore a higher yield was obtained in the latter case. 
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3. Sugar beets and fodder roots. 


As is seen from table 14, the sowing of root crops at the examined 
farms was generally performed at about the same time as the planting 
of potatoes or perhaps a few days later. Since, however, records 
concerning the time of sowing were often not available, the data 
in table 14 are in several cases based on a very limited number of 
data, and consequently they are rather uncertain. The harvest was 
generally begun during the first days of October. As in the case of 
potatoes it will therefore be assumed that the weather conditions 
in September, too, may influence the size of the yield (cf Cedeeboeg 
1935, Berce & WiLBAUX 1935, and others). Preliminary investi- 
gations over the influence on yield of precipitation and temperature 
in September were therefore performed. However, marked total 
regressions were found only for the temperature at Ulvhäll and ord¬ 
vik — 22.99tt and 54.40** dt/°C respectively. In the other cases 
the relationships turned out to be rather vague. On account of this, 
it was considered satisfactory — except for Ulvhäll and Nord vik — 
to use the same period of time for the root crops as in the investiga- 
tions of spring cereals and potatoes. For the two last-mentioned 
farms the September temperature was included as a ninth variate. 
In the same way as in the previous analyses, the multiple relation 
between temperature, precipitation, and yield of root crops was 
then computed. The results are shown in table 20. 

The influence of temperature on the yields of root crops is appa- 
rently less consistent than for spring cereals and potatoes. Thus, 
marked positive relations were obtained between the yields of root 
crops at Alnarp and the temperature during the first three periods. 
Contrary to this, the results from Bollerup show a tendency in the 
opposite direction. Instead, for this farm, there was a marked po¬ 
sitive relation between the temperature in August and the yield of 
fodder beets. Furthermore, it appears from table 20 that high tem¬ 
perature during April and May would be especially favourable to 
the yields of tumips at Varpnäs. Likewise high July temperature 
seems to be advantageous to root crops at this place. At those 
two farms for which the September temperature was included as 
a variable — Ulvhäll and Nordvik — marked positive relationships 
were found between the temperature during this month and the 
yields of root crops. These results agree with the total regressions 
obtained at the preliminary investigations. — In other cases the 
responses for temperature are rather vague. 

Also for the influence of precipitation on the yields of root crops, 
diverging results were obtained from the different localities. Thus, 
there is a marked net regression of the yields of sugar beets as well 
as fodder beets at Alnarp upon the precipitation during May and 
June, with a calculated optimum precipitation of 105 and 103 mm 
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respectively. For the yields of fodder beets at Bollemp, no distinct 
relationship was found with the precipitation during May and June, 
whereas the yields of swedes seem to be qnite dependent on the pre- 
cipitation conditions. In the latter case the calcolated optimum 
precipitation was about 140 mm. Also for Bjärka-Säby a certain, 
though not very pronounced, relationship between the rainfall in 
May and June and the yields of swedes was obtained, yet the op¬ 
timum precipitation was here considerably lower than at Bollerup. 
In other cases no distinct responses for the rainfall yaiiations in 
May and June were found, but the results must wholly be ascribed 
to chance. 

The influence of the rainfall in July and August on the yields 
of root crops at the first three farms, f. c. the localities where fairly 
marked responses for the rainfall during May and June were ob- 
tained, was of another nature. The rainfall variations during July 
and August apparently have had only little influence in these cases. 
For the last four farms in table 20, where the effect of the May and 
June rainfall was found to be rather diffuse, the results from the 
July and August rainfall are more consistent. In none of the cases 
the results are significant, but the tendency is nevertheless clear. 
The results from these four farms are shown in fig. 11. However, 
to save space, only the net regression curves are given. The curves 
follow largely the same course with an optimum at about 120 mm. 

In summing up the results, it will be stated that in southem Swe- 
den the precipitation during May and June is apparently most im- 
portant for the growing of root crops, whereas further north the 
yield seems to dei>end primarily on the precipitation during July 
and August. It should be noted, however, that for both periods the 
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Except 1924-1925. ‘ Except 1913 anS 1917. ‘ Except 1940. 

» 1919,1924-1925. » • 1922 *.1933. * . 1900 and 1903. 

» 1894-1897 and 1900. * * 1927. , • * 1918-1920, 1925 and 1929. 
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calculated optimum rainfall is largely equal to the prevailing average 
rainfall. This would mean that the adding of water by means of 
irrigation to the average rainfall cannot be expected to cause an 
average increase in yield that is worth while, a result in agreement 
with those from spring oereals and potatoes. An essential increase 
in yield due to irrigation is likely to be obtained in Southern Swe- 
den, especially during years with a precipitation in May and June 
that is considerably below the normal one. Likewise, only during 
years with relatively low rainfall in July and August irrigation may 
prove to be an effective yield-increasing measure writhin regions of 
the climatic type represented in table 20 by the four last mentioned 
farms. In both cases the rainfall during the other i)eriod — July— 
August and May—June respectively — is then assumed to be 
normal. For a more detailed discussion see part VII. 

In estimating the results obtained it should, however, be consi- 
dered that root crops belong to those plants which can be seriously 
attackcd by factors of temporary nature^ such as disease and insect 
attacks. It is true that the extent of such attacks may depend to a 
certain degree on the weather conditions. However, for root crops 
as well as for potatoes the calendar data of rainfall and temperature 
are not always representative of the weather conditions during a 
certain short space of time. Consequently, they may not at all in- 
dicate how favourable the conditions were for disease or insect at¬ 
tacks. 

From what is mentioned above, it appears that the method of 
investigation employed here may not have been the most appropriate 
one for analyzing the intricate relationship between precipitation, 
temperature, and the yield of root crops. Thus there was no indica- 
tion of an optimum at a certain precipitation amount for Ulvhäll 
and Ultuna during any of the x)eriodB. It would therefore probably 
have been possible to get a more distinct conception of the relation¬ 
ship between precipitation and the 3 deld of root crops, if the method 
had been somewhat modified. To hmit the labour required for the 
statistical computations, however, these studies were performed in 
the same way as the preceding ones. In a following paper the author 
intends to take up this special problem for a doser study. 

4. Hay from arable land. 

As is seen from table 3, the leys in the crop rotations at the dif- 
ferent farms were of different types. Thus, at Alnarp, one year^s 
ley was employed, whereas at the other farms two years of leys 
were predominating. In some cases, however, during the period of 
years included in the investigatior^, a previously used rotation with 
three years of leys was changedT ,^to a rotation with two years of 
leys. In order to obtain as homogeneous a material as possible, only 

16 — 46590 LatUbruktthögåkolana Annaler, Vol. 14 
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Table 21. Total regression of ihe yiélä of hay upon monthly mean 

centigrade CC). The regression equa- 


Locality 

Period 

May 

preceding 

year 

June 

preceding 

year 

July 

Aug. 

Sept. 

Oct. 

Alnarp. 

1905—1942 

0.140 

-1.043 

-2.637t 

-2.883tt 

2.104 

0.969 

Bollerup. 

1913—1942 

1.195 

-1.986 

-4.185* 

-3.891 tt 

-0.016 

1.675 

Bjftrka-Säby.. 

1893—1942 

-0.140 

-0.822 

0.848 

-0.167 

1.529 

1.232 

Ulvhäll. 

1917—1942 

-1.348 

-3.824* 

-2.493 

-1.211 

-1.856 

-0.942 

Ultuna. 

1904—1942 

-0.810 

-0.951 

0.534 

0.887 

0.352 

-0.592 

Klagstorp .... 

1907—1942 

l.oaof 

0.642 

0.636 

-1.328 

1.963 

0.177 

Varpnäs. 

1918—1942 

1.130 

-0.099 

2.313 

-1.593 

1.441 

-0.460 

Vassbo. 

1894—1942 

0.183 

-1.079 

-0.467 

0.115 

1.505 

0.696 

Nordvik. 

1890—19421 

0.012 

0.282 

-0.024 

0.772 

0 444 j 

0.535 


^ Except 1893 and 1903. 


Table 22. Total regression of the yield of hay upon precipitation during 
y = yield in dtjha and x « precipitation in mm. The 


Locality 

Period 

May + June* 
preceding year 

July -f Aug.* 

Sept. 



2» 


2| 


Alnarp. 

1906—1942 

0.138 

-0.00046 

-0.114 

0.00041 

-0.206 

Bollerup. 

1913—1942 

0.803t 

-0.00085tt 

-0.101 

0.00089 

0.277 

Bjärka-Säby. 

1893—1942 

0.222 

-0.00128 

-0.055 

0.00004 

-0.419tt 

Ulvhäll. 

1917—1942 

O.ooift 

-O.00428t 

-0.370 

0.00119 

0.119 

Ultuna. 

1904—1942* 

0.306 

-0.00177 

0.042 

-0.00002 

0.264 

Klagstorp. 

1907—1942 

0.191 

-0.00076 

0.031 

-0.00013 

-0.111 

Varpnäs. 

1918—1942 

0.274 

-O.ooni 

-0.275 

0.00079 

0.027 

Vassbo. 

1894__1942 

0.041 

-0.00020 

0.O55 

-0.00019 

0.203 

Nordvik. 

1890—1942» 

-0.141 

0.00005 

0.035 

-0.00006 

0.036 


^ For Alnarp €uid Bollerup 16th April-löth June. 

* » » » » löth June-31 th Aug. 

® » » » » 1st March-löth April. 

the yields from the first and the second year of the leys were generally 
employed in this study. Owing to variations in the acreage used for 
leys during different years, the ratio of the acreage of the first year^s 
ley to that of the second year’s ley has varied to some extent. For 
that reason, the averages of the yields per hectare for the two leys 
were used if possible. Yet, the reports from the farms often gave 
only the total yield of hay from all the leys and the corresponding 
total acreage. This was the case especially during earlier years 
(see foot note page 188). Consequently, it could not be avoided that 
the yields of some leys of more than two years were involved in the 
data employed. Furthermore these data were influenced to some 
extent by the variations in the relative acreage of the different leys. 


/t 
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temperature, The coefficients indieate the variation in dtlha and 
tiom are based on trendfree values. 


Nov. 

Dec, 

Jan. 

Feb, 

March 

April 

May 

June 

-^1.051 

0.143 

1.979** 

1.382tt 

2.299** 

3.031* 

-1.438 

-1.974t 

. 0.084 

2.38ltt 

1.936* 

1.220t 

0.801 

1.731 

0.952 

0.907 

! - 0.1)59 

0.240 

1.188* 

0.779tt 

0.608 

0.029 

1 -0.712 

-1.477t 

1 -0.205 

0.476 

1.933** 

0.368 

0.354 

0.956 

-0.938 

-2.516t 

; -1.027 

-0.373 

1.091** 

l.lJ4t 

1.004 

3.369* 

-1.94lt 

-3.383* 

0.119 

0.131 

0.163 

0.200 

1.606** 

1.326 

0.506 

1.050 

i -1.009 

0.135 

0.608 

0.685t 

1.608* 

2.249tt 

-0.912 

-0.629 

1 -1.184t 

-0.6ö5t 

O.0O3t 

0.860tt 

1.519* 

1.989tt 

-1.000 

-2.939** 

-1.0(H)i 

0.937* 

0.296 

0.537t 

0.668t 

1.727tt 

-0.068 

-1.320t 


periods of two months according to the eguation y ^ Zq + z^x + where 
regression equations are based on trendfree values. 


+ Oct. Nov. + Dec. I Jan. 4- Feb, j March -f April* j May + June^ 


22 

2l 

2, 

*1 

*• 

h 

2l 

*1 

2t 

(1.00056 

-0.325 

0.00184 

0.834* 

-O.00423tt 

0.061 

-0.00141 

0.306** 

~0.00064t 

-0.00088 

-0.087 

0.00060 

-0.382 

0.00200 

0.672 

-0.00500 

0.315tt 

-0.00085 

0.0023ltt 

0.203 

-0.00159 

-0.455tt 

0.00283tt 

-0.092 

0.00170 

0.579* 

-0.00213tt 

-0.00025 

-0.373 

0.00188 

-0,240 

0.00089 

0.209 

-0.00114 

0.624t 

-0.00239 

-0.00097 

-0.372 

0.00201 

1.288* 

-O.00987tt 

-0.563 

0.00465 

0.730** 

-0.00303** 

0.00027 

-0.423 

0.00196 

-0.052 

-0,00029 

-0.026 

0.00078 

0.891* 

-0.00128tt 

- 0.00006 

-0.148 

0.00070 

0.232 

-0.00080 

-0.655tt 

0.00447tt 

0.270t 

-0.00098 

-0.0OO74 

0.056 

-0.00044 

0.387 

-0.00212 

-0.281 

0.00276 

0.615*** j 

-0.00194** 

-0.00012 

-0.016! 

O.OOOOl 

0.218 

-0.00178 

-0.002 

0.00114 

0.184t 

-0.OOO49 


* If 1917 is omitted at the computation of the coefficients för Jan. + Feb. 
we get te result — 0.783 and = -0.00610. 

* Except 1893 and 1903, 


It is a well-known fact, that it is of great importance that the 
water content of the soil is sufficient when the leys are sown. Other- 
wise the seed, especially the clover seed, is not germinating, The 
relationship between precipitation and yield of hay can therefore 
best be studied in an investigation covering the time from the spring 
sowing of one year up to and including the haying during the next 
one. In regard to a second year^s ley this procedure is well-grounded, 
too, because a dry early summer in the preceding year, besides causing 
a poor yield of hay that year, retards the root development, and thus 
influenoes the yield of the following year. 

In view of these facts the author has performed preliminary 
studies on the influence of temperature as well as precipitation on 
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the yields of hay. As to temperature, the relation with the yields 
was computed for each month during the time from and including 
May in the preceding year np to and including June in the harvest 
year, and for the precipitation during each period of two months 
from May—June in the preceding year to the same period in the 
harvest year. With regard to the early date of haying at Alnarp and 
BoUerup (cf table 14) the time from April 16th to June 15th was 
employed instead of the period May and June. The results of these 
preliminary examinations are shown in tables 21 and 22. 

From the regression coefficients in table 21 it is seen that the 
yields of hay generally show a positive — although sliglit — rela- 
tionship with the May-temperature in the preceding year, whereas 
the effect of the temperature in June is predominantly negative. 
At the two farms in Skåne, marked negative responses for the tem¬ 
perature in July and August were found; in other cases, the results 
for these two months are rather vague. There seems to be a general 
tendency for high temperature during September to increase the 
yield. The coefficients for ^^ovember indicate a fairly consistent 
tendency in the opposite direction. The influence of the temperature 
in December generally seems to be rather vague, although a marked 
positive relation was obtained for Nordvik. For the whole period 
from January to April, pronounced positive relationships were found 
between temperature and yield all through. For May and June, 
finally, the relations show, on the whole, a negative tendency (cf 
Welton & Mokeis 1925, and others). 

Concerning the relationship between precipitation and yield of 
hay, it is seen from table 22 that the precipitation period May to 
June in the harvest year is decidedly predominating. Compared to 
this period the precipitation of all the others seems to be of less 
importance. For the precipitation in May—June in the preceding 
year, however, a rather consistent tendency was found with an 
optimum range at about 150—^200 mm for the two farms of Skåne 
and at about 100—130 mm for the others. The fact that the results 
from BoUerup and Ulvhäll are more marked than the others, is due 
to data from a particular year. The same thing holds true for Ultuna 
regarding the period January to February. A recalculation of the re¬ 
gression of the yield upon precipitation without the year in question 
gave materially lower values of the regression coefficients than was 
found with this year included. The fairly pronounced regression 
curves in the opposite direction obtained in some cases during these 
preliminary investigations must be ascribed to causes of temporary 
nature, in spite of the fact that there might be some probability 
that the curves have this shape. At any rate, there is no reason why 
the curve should have this form, from the biological point of view*. 

The results given in tables 21 and 22 have served as a basis for the 
computation of the multiple relation between precipitation, tempera- 
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ture, and yield of hay, performed in order to make possible a doser 
study of the relation between this yield and the precipitation dnring 
the important period May—Jane. Por the precipitation, in addi¬ 
tion to the May—June period, only the January—^Pebruary x)eriod 
for Alnarp was included. Accordmg to the results obtained in table 
22 there seemed to be a close relation here between yield and preci¬ 
pitation during this period. Therefore, it ought to be stated whether 
this result was due to a real cause or not. It may be c^ed in question 
whether the period May—June in the preceding year should not ha ve 
been included, too. However, since the total relationships are here 
low throughout, it is rather unlikely that the results for the period 
May—June in the harvest year would have been very much changed, 
had that precipitation period been included. 

As to temperature, some approximations were necessary to pre- 
vent the number of variates in the multiple regression equation from 
being too large. Thus, in cases where the temperature of two or more 
suecessive months proved to have a pronounced and rather similar 
influence on the yield, the mean temperature for all these months 
was used. It is foimd in table 21 that sometimes a pronounced rela¬ 
tion for a certain month is accompanied by a rather diffuse relation- 
ship in the immediately preceding or in the immediately following 
month. In these cases it was proved that if the mean temperatures 
for such months were used, the relationship thus obtained was often 
lower than the first mentioned strong one. As an example may be 
given the computing of the regression of the yields of hay at Klags- 
torp on the average temperature of Mareh—^April. This gave the 
result 2.245* dt/°C — the corresponding coefficients for the individual 
months being 1.606** and 1.326 dt/°C respectively. The regression 
coefficient for the period February—^April was 1.175 and for Janu¬ 
ary—^April 1.055 dt/®C, thus a successively decreasing regression. 
In such cases it was considered sufficient to include only those months 
for which a pronounced total relation was obtained. 

In some cases, however, when the monthly mean temperatures 
were lumped together in this way, results were obtained that did 
not show such tendency. An example of this are the relationships 
between temperature from January to April and the yields of hay 
at Ulvhäll. By computing the regression coefficients in the way 
above mentioned, the following results were obtained in this parti- 
cular case: 

^Jan.-~Feb.==1.603‘*‘, 2rjan.-March= 1.89Ö*, and ÄJaii.-AprU = l.B15t dt/®C. 


The reason for these results, however, are the low January tempera¬ 
tures during the years 1940—^1942. These temperatures stabilize 
the regression line so firmly that the probability of significance 
of the regression remains almost unchaöged, when the average tem- 



Table 23. Partial regression coefficients of ihe relationsMp hetween temperature, precipitationj and yield of 
Jmy. The regression of yield upon temperature is computed as linear and ihat upon precipitation as parabolie. 
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peratures for two months or more are employed. But this is not a 
normal or fairly even distribution of the temperature data but rather 
one with pronounced extremes. Neither in a case like this was it, 
therefore, considered appropriate to include more than the month 
for which the closest relationship was found. 

Finally, also that case was studied where the relationships between 
temperature and yield during two or more successive months, al- 
though not very marked, were distinct and uniform enough to 
justify a detailed examination. Then it was found that when the 
average temperature for such months was used, this gave a higher 
value of the regression coefficient, because the variations in the tem¬ 
perature data were thereby decreased. Yet, such a combination of 
the monthly averages did not lead to any results that were fun- 
dainentally more reliable. 

After the results, given in table 21, of the total relations between 
temperature and yield were studied in this way, the multiple rela¬ 
tion between precipitation, temperature, and yield of hay for the 
different farms was computed. The results of these investigations 
are rei)roduced in table 23, which also shows the periods from which 
the temperatures were included in the different cases. Thus, the 
temperature in May and June was throughout included as a variable 
on aecount of the correlation between precipitation and tempera¬ 
ture. For Alnarp and Bollerup, however, the means of the average 
temperatures for April—^May and May—June were employed. This 
was done in order to bring the periods to synchronize as well as 
possible with those of precipitation. 

It is ax)parent from table 23 that the net regressions of yield 
iipon the temperature for the included periods of the preceding year 
have been throughout negative. The results are thus in agreement 
with the computed total regressions in table 21. As for the tempe¬ 
rature during the included winter period, it is found that in all the 
cases pronounced relationships were obtained. It is evident, then, 
that the yields of hay depend essentially on the temperature condi- 
tions during this period. For the period May and June, on the other 
hand, negative relations were mostly obtained; as to Ultuna and 
Vassbo even quite marked ones. 

From the irrigation point of view it is inost interesting to study 
the relation found between the rainfall in May and June and the 
yield, after the influence of other involved factors on yield is eli- 
minated. As shown in table 23, marked net regressions were ob¬ 
tained throughout. Furthermore, a comparison with table 22 in- 
dicates that the total and the net regression coefficients largely agree 
with each other. Thus, the computed total regressions for this period 
reflected rather well the true conditions. The fact that the net re¬ 
gressions are in most cases somewhat slighter than the corresponding 
total regressions, is due primarily to the interrelation between the 
independent variates in the multiple regression equation. 
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Fig. 12. Net regression of the yield of hay upon the precipitation from April 16th 
to June 15th at Alnarp and BoUerup resp. May and June at Bjåkrka-Säby and 

UlvhäU. 
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13, Net regresBion of the yield of hay at Ultuna, Klagstorp» Varpnäs, and 
Vaasbo upon the precipitation during May and June. 
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The computed net regressions of the hay yield upon the rainfall 
in May and June are shown in fig. 12 and 13. For want of space 
the results from Nord vik were omitted. These were of the same type 
as the others, except that the deviation of the regression curve from 
the straight line was insignificant, as can be seen from the coeffi- 
cients in table 23. As before, the yield to be expected if the inde- 
pendent variates, with exception of the precipitation in May and 
June, are fixed to their averages, is plotted in the diagrammes. It 
may be of interest to study the figures a little more in detail. 

As to the shape of the net regression curves, it agrees on the whole 
with the shape of the corresponding eurves for spring cereals. Thus, 
curves ^dth an obvious optimum value were obtained also in this 
case. The optimum value, however, lies throughout at a higher 
amount of precipitation for the yields of hay than for the spring 
cereals. Thus, the well-known fact that grasslands demand more 
water than cereals is verified. The curves are, therefore, somewhat 
flat, and consequently the deviation of the curve from the straight 
line could not be established with the same probability as in the case 
of spring cereals (compare the coefficients and in table 23 with 
the corresponding coefficients z^ and Zf^ in table 15). On the other 
hand, there is no doubt that typieally curvilinear relations really 
do exist. 

By comparing the computed optimum precipitation amounts with 
the corresponding averages, it is found that for the farms in the 
middle of Sweden there should be an average precipitation deficit 
of 50—60 mm and for the two farms in Skåne a deficit of about the 
douhle amount. As to the two latter farms, however, it is seen from 
fig. 12 that the precipitation during one of the years (1921) was 
very high. It may be questioned whether data for such a year should 
be included. Since, in spite of the abundant rainfall, the yield did 
not show any extreme deviation from the average, there seemed to 
be no reason to omit that year. 

Thus, according to the results obtained, irrigation of leys will 
probably cause a greater average effect than irrigation of spring 
cereals. Although the greatest yield-increasing effect by irrigation 
certainly is to be expected in years with pronounced drought during 
the early summer, yet it appears from the investigations performed 
that a general increase in rainfall during the early summer may 
cause a not insignificant rise in the yields of hay. To illustrate this, 
in the same way as was done before in this paper, those percentages 
of increase in yield were calculated which, according to the statistical 
analysis, would have been obtained, if the precipitation in years 
of deficiency had been elevated to optimum. The results are given 
in table 24. It can be seen that a considerably more even distribution 
was obtained in this case than in those illustrated in tables 16 and 19, 
where most years fell within the group <10 %. On the average, the 
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Table 24. Computed increase in yield of hay at the investigated 
farms when the precipitation during May + June is assumed to have 
heen increased to optimum according to the net regression ourve, The 
increase in yield is computed as percentage of expected yieldj when 
others factors in the multiple regression equation than the May + 
June precipitation are assumed to be constanL The table indicates 
the number of years within the different groups. 


Locality 

-■ 

Total 
num¬ 
ber of 
years 

Percentage computed 

increase in yield 

Optimum j 
point 

<101 

10-19 

20-29 

30-39 

40-49^50-59 

j 

60-69 

Preci¬ 

pita¬ 

tion 

mm 

Yield 

dt/ha 

Alriarp ®. 

38 

5 

15 

6 

8 

3 i 1 


206 

72.2 

Hollerup * ... 

30 

8 

7 

8 

3 

3 ! 3 

— 

154 

72.5 

Hjärka-Säby. 

50 

24 

12 

4 

2 

2 4 

2 

132 

54.5 

Ulvhäll. 

26 

21 

4 

1 

— 


— 

105 

56.7 

, Ultuna. 

39 ; 

20 * 

11 

1 

3 

~ i 2 

2 

i 136 

48.9 

1 Klagstorp ... 

36 ! 

1 

9 

6 

2 

2 1 — 

3 

146 

50.7 

1 V'arpnä8 .... 

25 j 

10 j 

7 1 

5 

2 

— j — 

1 

143 

49.8 

1 Vaasbo. 

49 1 

25 1 

11 1 

6 

2 

— 1 2 ! 

3 

128 

45.2 

Distribution in % 100 

44 1 

20 1 

12 1 

8 

3 ! 4 1 

3 1 

1 



^ This group includos tho number of years during which precipitation has ex< 
eoedod optimum. 

* Period lOth April-15th June. 


calculated increase in yield for the farms included in table 24, would 
in about 40 per cent of the cases fall within the group 10—29 %. 
Tn the table there are also shown the calculated optimum yields and 
the corresponding precipitation. Bxcept for Ulvhäll where the op¬ 
timum precipitation was found to be only 105 mm — a result that 
is wholly due to chance — the results obtained for the farms in the 
middle of Sweden are fairly well concentrated within the range 
130—145 mm. For a more detailed discussion of the results see 
part VII. 

In this connection it should be emphasized that in such districts 
of Sweden where the precipitation is even lower than within the 
regions represented by the examined farms, there might be expected 
a considerably higher average increase in yield than indicated by 
the present investigations. This ought to be the case especially 
for the leys. As an illustration the results from a supplementary 
investigation for the island of Gotland should be given. The average 
rainfall in May and June is there only about 60 mm (cf the map of 
humidity in fig. 3). Because it was not possible to obtain data from 
any individual farm in this province, the study was based on the 
yields of hay from arable land according to the official statistical 
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Fig. 14. Belationship between the precipitation during May and June and the 
yields of hay on Gotland 1914—1942. 

records. As mentioned previoualy, this material is not unobjection- 
able for an analysis of this kind. By smoothing of the data of pre¬ 
cipitation and yield for the years 1914—1942 in the ordinary way 
by means of a parabola, the following equation was obtained 

y = 0.77 + (0.769 ± 0.300)®— (0.00337 ± 0.00244)®*, 

where ® is the rainfall in mm dming May and Jane and y the yield 
in dt/ha. No other factors than the precipitation for this time were 
included. Yet, in spite of the nature of the basic material and the 
simple inyestigation method, a marked relationship was obtained 
(ef fig. 14). According to this regression eqnation, the optimum 
yield should lie at about twice the mean precipitation, and ahovt 
35 per cent ahove the average yield, 

The present results of the influence of precipitation on the yields 
of hay from arable land were limited to the first haryest, as records 
on the aftergrowth were generally not ayailable. The aftergrowth 
was in most cases used for grazing or — especially in recent years — 
for silage. It is eyident, howeyer, that if the precipitation is low, an 
irrigation performed immediately after the haryest is likely to cause 
a yery important increase in the aftergrowth. This has proyed to be 
the case, too, in irrigation experiments (Flodevist, HalI/OHBN & 
Ebnest 1944) as well as in regular irrigation praxis (Halloben 
1941 and others). 

The lack of primary material has unfortimately made it impossible 
to extend the studies so as to include that branch of crop produc- 
tion where irrigation indisputably holds the first plaoe, namely the 
permanent grass lands. The pastures demand at least as much water 
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as the leys for hay. Therefore, it is to be expected from the above 
results that in the middle of Sweden a precipitation of about 150 
mm in May and June will not be too high for the production of an 
optimum yield from a permanent grass land. Moreover, the pastures 
differ from other forms of crop production so far as the problem is 
not only to obtain as high total yield as possible, but also and above 
all to get a continuous growth during the grazing season. It has of ten 
been emphasized that the growth of pastures shows a rather great 
seasonal variation (Kappe 1944, Nilsson-Leissner 1944, Borg 1944, 
and others). Experiments on pasture lands ha ve shown that the rain- 
fall during the season is of decisive importance to the variations in 
growth. Maximum growth may appear not only during the time 
when it normally occurs, viz. in eariy summer, but also during other 
parts of the growing season, depending on the distribution of the 
precipitation (Giöbel 1945). Furthermore, it has been found in 
experiments that the grass component of the pastures shows a tend- 
ency to depression around midsummer. This is generally independent 
of the distribution of rainfall. The white clover component, on the 
other hand, always responds strongly to the water supply (Eappe 
1944, 1946). Thus, irrigation of pastures ought to be an effective 
step for balancing the production during different parts of the season. 

5. Wintep cereals. 

As to the yields of winter cereals, it must be assumed that the 
climatic factors are influencing the yields during the whole time from 
sowing to harvest (cf Wallén 1917 and others). In order to ascertain 
for which periods this influence has been most pronounced in the 
different localities, preliminary investigations, analogous to those 
for the leys, were performed regarding the effect of temperature as 
well as of precipitation. In this case the relation between tempera¬ 
ture and yield was computed for each month from September to 
August, and the relation between precipitation and yield for each 
period of two months from September—October to July—^August. 
The results are shown in tables 25 and 26. 

As to the relations between temperature and yield, table 25 in- 
dicates that high temperature in September and October has gener¬ 
ally affected the yield favourably. For November and December, 
on the contrary, the relations were often negative for the farms in 
Southern and eastern Sweden, as was found to be the case in regard 
to the leys. From January to April the regressions were positive 
and in several cases even highly significant, Thus, the temperature 
<iuring this time is of great importance for the yields of winter ce¬ 
reals, a fact that has been stated in several earlier investigations 
(Wallén 1917, Scheinert 1929, Höhnb 1929, and others). For the 
time from May to August, the results were more varying. Thus, 
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Table 25. Total regression of the yields of winter eereals upon monthly 

centigrade (°C). The regression equa- 


Locality 

Crop 

Period 

Sept. 

Oct. 

Nov. 

Dec. 

Alnarp. 

Wheat 

1901—1942 

0.383 

0.065 

-l.osett 

-0.6751 

» . 

Rye 

1901—1942 

0.308 

-0.065 

-0.7541 

-0.072 

Bollerup. 

Wheat 

1913—1942 

1.706t 

1.077* 

0.485 

1.080t 

» . 

Rye 

Wheat 

1913—1942 

-0.068 

1.7Ö0* 

0.316 

0.546 

-0.284 

Bjärka-Säby. 

1893—1942 

0.733t 

0.320 

-0.370 

» . 

Rye 

1893—1942 

0.688 

0.42i 

0.305 

-0.006 

UlvhäU. 

Wheat 

1917—1942 

2.450* 

0.631 

-0.714 

-0.021 

tJltuna. 

» 

1904—1942 

! 3.200*** 

1.132tt 

0.087 

0.378 

Klagstorp. 

» 

1891—19421 

1.782t 

0.29r> 

-0.227 

-l.ositt 

» . 

Ryo 

1891—1942* 

1.387t 

-0.298 

-0.ö62t 

-0.532t 

Varpnäs. 

Wheat 

1918—1942* 

-1.486 

0.382 

0.4.56 

0.188 

» . 

Rye 

1918—1942 

-0.387 

0.107 

0.7.38t 

0.839* 

Vassbo. 

Wheat 

1909—1941 

1.698 

1.547t 

0.357 

0.879tt 

» . 

Rye 

1894—1942 

1.433 

1.26ltt 

0.654 

0.338 

Nordvik. 

» 

1891—1942* 

1.484t 

-0.364 

l.ooott 

0.225 


‘ Except 1893 and 1905. 
a »> 1895 and 1939-1941. 


Tablo 26. Total regression of the yields of winter eereals upon precipi- 
"i- ZiX + Z 2 where y •= yield in dtjha and x « precipitation in 


Locality 

Crop 

Period 

Sept. + Oct. 

Nov. + Dec. 


2* 

2i 

22 

Alnarp. 

Wheat 

1901—1942 

0.107 

-0.00033 

-0.232 

O.OOllO 

» . 

Rye 

1901—1942 

-0.025 

0.00005 

-0.166 

0.00105 

Bollerup. 

Wheat 

1913—1942 

0.207 

-O.00055 

-0.255 

0.00115 

» . 

Bjärka-Säby .... 

Rye 

Wheat 

1913—1942 

1893—1942 

-0.210 

-0.037 

0.00058 

0.00004 

-0.188 

-0.214 

0.00071 

0.00090 

» .... 

Rye 

1893—1942 

0.038 

-0.00032 

-0.296* 

0.00120tt 

UlvhäU. 

Wheat 

1917—1942 

-0.103 

0.00047 

-0.397 

0.00258 

Ultuna. 

» 

1904—1942 

0.029 

-0.00009 

-0.332 

0.00137 

Klagstorp. 

» 

1891—1942» 

0.138 

-0.00052 

"0.121 

0.00042 

» . 

Rye 

1891—1942* 

0.024 

-0.00012 

-0.132 

0.00038 

Varpnäs. 

Wheat 

1918-1942* 

0.033 

• 0.00022 

-0.083 

0.00006 

» . 

Rye 

1918—1942 

0.030 

“0.00017 

0.017 

-O.00006 

Vassbo. 

Wheat 

1909—1941 

0.048 

-O.00042 

0.046 

-0.00039 

» . 

Rye 

1894—1942 

-0.146 

0.00053 

-0.091 

-0.00008 

Nordvik. 

» 

1891—1942* 

-0.057 

0.00017 

-0 fifto 

0 nnn^if; 


' Except 1893 and 1905. 
a » 1895 and 1939-1941. 
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mean temperature. The coefficienta indicaie the variation in åljha and 
tions are hased on trendfree values. 


Jan. 

Feb. 

March 

April 

May 

June 

July 

Aug. 

0.345 

0.571t 

0.609t 

1.182tt 

0.948 

-1.949** 

-1.372tt 

-0.169 

0.247 

0.319 

0.314 

0.989tt 

0.359 

-1.400** 

-1.624* 

-0.403 

1.622** 

1.759*** 

1.198tt 

2.795*** 

1.662tt 

0.475 

1.208 

2.6.52** 

0.511 

O.509 

0.546 

1.446tt 

2.547** 

0.593 

0,600 

1.258 

0.386t 

0.109 

0.746* 

1.637* 

0.419 

-0.051 

0.041 

1.618* 

0.403jt 

0.351 

0.642tt 

1.507* 

0.572 

0.455 

0.321 

0.796 

0.760* 

0.959** 

1.384** 

3.650*** 

1.697tt 

0.094 

0.760 

1.094 

1.262*** 

0.840* 

0.678t 

1.824* 

0.949 

0.601 

0.610 

2 743** 

0.492t 

O.csott 

1.415** 

2.794'“** 

1.909* 

0.935 

1.158t 

3.189** 

0.145 

-0.026 

0.399 

1.399* 

- 0.006 

0.611 

0.386 

0.600 

0.972* 

1.280** 

1.298tt 

2.453* 

1.813 

0.363 

1.144 

3.579* 

k 0.348 

0.384 

0.283 

1.976** 

2.946*** 

l.ooof 

0.463 

1.260 

1.280** 

1.227* 

1.3,53* 

1.626t 

-0.633 

-0.496 

0.967 

2.484tt 

0.403t 

0.439t 

0.059 

0.613 

-0.114 

-0.183 

0.047 

0.527 

-0.587* 

-0.221 

-0.003 

1.243tt 

1.012 

1.102t 

-0.426 

-0.347 


* Excopt 1920. 

4 » 1893, 1899-1904, 1925, 1928, 1930, 1932, 1934, 1936 and 1938. 


tation during periods of two months aceording io the equation y • 
mm. The regression equaiions are hased on trendfree vdlues. 


Jan. + Feb. 

March + April 

May + June 

July -f- Aug. 


2a 

2l 

2a 

2i 

2a 

2l 

■ ; 

22 

1 

0.124 

-0,OOO67 

-0.260 

0.00130 

0.289* 

-0.00135* 

0.107 

-0.00048 

0.065 

-0.OO035 

-0.176 

0.00088 

0.078 

-0.00041 

0.089 

-0.00033 

0.388t 

-0.0017lt 

-0.081 

-0.00034 

0.302* 

-0.00133tt 

0.126 

-0.00025 

-0.046 

0.00002 

-0.160 

0.00069 

0.091 

-0.00042 

—0.003 

-0.00018 

~0.228t 

O.OOUöt 

-0.195t 

0.00142t 

-0.086 

0.00021 

-0.071 

0.00022 

-0.126 

0.00040 

-().233tt 

0.00147t 

0.176 

-O.00129tt 

0.047 

-0.00028 

0.890tt 

* O.OOÖSOf 

0.088 

-0.00088 

0.597* 

-0.00339* 

-0.041 

0.00027 

0.207 

-0.00060 

0.029 

0.00090 

0.254tt 

-O.00l44tt 

-0.214 

0.00061 

-0.119 

0.00067 

-0.096 

0.00052 

-0.056 

0.00027 

-0.074 1 

0.00018 

-0.019 

O.OOOlO 

-0.187 

0.00099 

0.005 

-0.00012 

0.022 

-O.OOOll 

-0.106 

0.00071 

-0.235 

0.00125 

0.217 

-0.OO105 

-0.406 

0.00133 

0.020 

-0.00019 

0.028 

-0.00040 

0.083 

-O.OOOÖO 

-0.252 

0.00081 

-0.263 

0.00170 

-0.656 

0.00643 

0.357tt 

-0.00163t 

-0.183 

0.00043 

0.278 

-0.00246 

-0.310 

0.00294 

0.156 

-0.00086 

0.088 

-0.00050 

0.191 

-0.00160 

-0.213 

0.00200 

0.049 

-0.00087 

-0.085 

0.00019 


* Exoept 1920. 

« » 1893, 1899-1904, 1925, 1928, 1930, 1932, 1934, 1936 and 1938. 
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marked negative relations were found for Alnarp, wliereas in the 
other cases more or less distinct positive relations occurred. As a 
rule, the most consistent responses were obtained for the tempera- 
ture in August. 

For precipitation, the relationship with the winter cereals in most 
cases proved to be rather diffuse, as is seen by the results in table 26. 
Thus, for the yields of rye, in none of the two-month-periods there 
was any perceptible relation with the precipitation. It is true that, 
because of the interrelation between the different growth factors, 
the obtained results cannot be regarded as decisive. Seen against 
the background of earlier discussed results in the present work, it 
is hardly probable, however, that any reliable net regression of the 
yield upon precipitation might be proved. It is evident that the size 
of the 3 delds of rye depends primarily on other factors than the 
variations of precipitation. At any rate it seems to be clear that 
in Sweden an average increase in the yields of rye that is worth 
mentioning is hardly to be expected by means of irrigation. Therefore 
it was not considered necessary to establish, by means of a more 
thorough analysis, the relation between precipitation and the yields 
of rye. 

As to winter wheat, in some cases a more marked total relation 
between precipitation and yield proved to occur. This is true mainly 
for the period May and June. In one or two cases a relatively clear 
response for the precipitation during January and Pebruary was 
also obtained. For these farms it was therefore considered neces¬ 
sary to make a compntation of the multiple relation between pre¬ 
cipitation, temperature, and yield. The farms investigated in this 
way are Alnarp, Bollerup, Ulvhäll, and Ultuna. In all these cases 
the rainfall during May and June was included as a variable; for 
Bollerup and Ulvhäll also the precipitation during January and 
February was added. In selecting the temperature periods that were 
considered desirable, the same principles were followed as for the 
leys. The results are given in table 27, where the temperature pe¬ 
riods, used in the different cases, are shown (cf table 25). 

Table 27 indicates that for the yield of winter wheat temperature 
is hkely to be more important than precipitation. Only for Bollerup 
a tangible net regression of the yield upon the rainfall in May and 
June was obtained. In the other cases the relations with precipi¬ 
tation are wholly due to chance. Contrary to this, a distinct response 
for the temperature from January to May was obtained in all the 
cases. The influence exerted by the temperature during this time 
according to the preliminarily computed total regressions, apparently 
remains also after the influence of the precipitation on the yield 
was eliminated. On the other hand, the relatively strong total 
relations between precipitation and wheat peld, shown in table 26, 
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Table 27. Partial regression coefficients of the relationship between 
temperature^ precipitation, and yield of wheat» The regression of yield 
upon temperature is eomputated as linear and that upon precipitation 
as parabolic, The coefficients indicate the variation in dtfha per 
centigrade C C) and mm resp. The regression equations are based on 

trendfree values. 




Temperature 1 

Locality 

Period 


Jan.~May 

22 

23 



Nov.-Doc. 


June-July 

Alnarp. 

1901-1942 

- 0.422 

1.470* 

— 2.572* 



Sept.-Dec. 


June-Aug. 

Bollorup. 

1913-1941 

1.123 

2.320* 

1..585 



Sept.-Okt. 


June-Aug. 

Ulvhall. 

1917 1942 

— 0.223 

1.705* 

0.605 

! Ultuna. 


Sept.-Oct. 


June-Aug. 

j 

1904-1942 

1.751tt 

l.iaitt 

1.445 

1 

i 

l._. _ 

Precipitation 


1 

1 Jan. 1 

Feh. 

May - 4 - Juno 


24 

2» 

2« 

27 

Alnarp. 



O.J03 

— 0.00056 

Bollorup. 

, 0.046 

— 0.00021 

0.298* 

— 0.00137* 

Ulvhäll. 

1 0.030 

— 0.00511 

0.153 

— 0.00082 

intuna . 



0.111 

— 0.00055 


are only seemingly true. In reality, they are due to other factors 
correlated with the precipitation. 

Yet, it may be of interest to compare the average rainfall in May 
and June with the calculated optimum amounts of rainfall for winter 
cjereals. These data are reproduced in table 28 for those cases where 
a fairly clear suggestion of a relationship was obtained. Since the 
relations included in the table are generally rather vague, it is 
natural that the calculated optimum rainfall varies somewhat irregu- 
larly. However, table 28 indicates that for rye the optimum rain¬ 
fall is largely equal to the average one, whereas for winter wheat a 
slight deficit seems to exist. Moreover, it is seen that on the whole 

17 ” 46590 Lantbrukahögskolana Annaler. Vol. 14 
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Table 28. Optimum preHpitation in mm for wheat and rye during 
May and June according to the statiatical analysea. 


! Lucality 

1 

Mean preci¬ 
pitation 
jTim j 

Wh 

Total 

legression 

e a t 

Net 

regression ^ 

1 Rye 

Total 

regression 

i 

1 Alnarp. 

»1 

j 

107 

! 

92 

95 

I Bollerup. 

84 

114 

109 

108 

i Bjårka-Säby. 

89 

— 

-- 

08 

1 Ulvhäll. 

78 

88 

1 93 

88 

1 Ultuna. 

84 

1 88 

100 


i Varpnäs. 

82 

103 


09 

1 Vassbo. 

87 

1 109 1 


91 

! Average 

85 

102 

99 1 

87 


the same valne of the optimum pre(*ipitation was obtained from the 
net regression as from the total regression in the respeetive eases. 

Summing up the results, it appears tliat for Swedish eonditions 
a worth while average incTease in the yields of winter eereals is 
most often unlikely to be obtained by means of irrigation. At any 
rate, there seems to be no reason to investigate the winter eereals 
at first hand in fiiture irrigation experiments. Hather sueh plant 
speeies should be investigated for whieh a more marked response 
to the variations in rainbdl was found. 


VI. Application of the results to field irrigation. 

In the preeeding part is given an aceount of the results obtained 
by a statistical analysis of the relationship between precipitation, 
ternperature, and crop yield. The existenee of certain average pre¬ 
cipitation deficits was established, more or less marked for different 
localities and for different plant speeies. Moreover, it was pointed 
out during which part of the growing season the precipitation exerted 
the greatest influence on the yield of the examined plants. The 
question is then, to what extent the results obtained are applieable 
within the field of irrigation. 

It is obvious that the results in their present shape are not satis- 
factory as guides for the field irrigation in Sweden. It is true that 
they give information as to which plant speeies are favoured by an 
additional supply of water. They also show during what part of 
the growing season the additional water should be added. But no 
conclusions can be drawn from the present results as to the amounts 
of water that would have to be supplied in the form of sprinkling, 
if the indicated precipitation deficits were to be compensated. For 
this purpose the investigations must be completed by establishing 
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the relationship between irrigation and rainfall, i. e, how large amount 
of water in the form of sprinkling is necessary in order to produce 
the same effect on the growth as a given amount of precipitation. 
So far as the writer is aware, no detailed studies have been performed 
on this subject. According to Bbouwer (1930), it was found in 
experiments at the Agricultural College in Berlin that 20 mm of 
irrigation had no greater effect than 3 or 4 mm of precipitation. 
Consequently, the irrigation would have only 15 to 20 i)er cent of 
the effect of precipitation. However, no account is given as to the 
way these experiments were carried out, and the records must there- 
fore not be employed uncritically. Our primary task will therefore 
be to find a measurement of the »degree of action» of irrigation by 
sprinkling. 

To answer this question satisfactorily, irrigation field experiments 
must have been carried out in one and the same locality for a series 
of years. Siich experiments are being performed since 1941 at the 
Institute of Agri(*ultiiral Hydrotechnics of the Royal Agricultural 
College at Upi)8ala. Buring this relatively short time it has of course 
not been possible to obtain a sufficiently extensive material from the 
point of view here cnnsidcired. Yet, for an approximative determina- 
tion of the effect of irrigation with that of rainfall, the results from 
these exx)eriments may be satisfaetory. 

In these experiments, carried out on an old pasture land, the rain¬ 
fall of the investigation period was supplemented with irrigation 
so as to make the total quantity of water — precipitation plus irriga¬ 
tion — amount to 60, 90, and 120 mm per month in the different 
treatments, During the first year (1941), the experiment involved 
only irrigation. The next year it was extended to a combined fer- 
tilizer and irrigation experiment, laid out on twice as large an area. 
An account of the arrangement of the experiments and the results 
for the years 1941—1943 was given in a previous paper (Flodkvist, 
Hallgren & Ernest 1944). 

In table 29 there are shown such data f|rom the experiments during 
the years 1941—1945 as may throw light upon the question here 
considered. To make it possible to compare the results from the 
different years, only yield data for that part of the field experiment 
which was laid out in 1941 were included. Furthermore, the results 
of the different fertilizer treatments for the years 1942—1945 are 
given as averages, because in the present case it is chiefly the effect 
of irrigation that is of interest. As a basis for the investigations the 
sum of the first and the second harvest during the respective years 
was used. Because the time between the two harvests was not the 
same during all the years, it proved necessary to ref er the yield of 
the second harvest for the different years to the same day after the 
first harvest. The growth between the two harvests was then as- 
sumed to be linear, which is, of course, an approximation. As a 



256 


Gunnar Hallgren 


Table 29. ResulU from the irrigation experiments at ihe Royal Agri- 
cvltural College 1941-1945. The yield data indicate yield of hay in 
dtjha. Compare with the text! 



1941 

1942 

1943 

1944 

1945 

Ist Harvest from unirrigated plots. 

4.3 

32..^. 

16.2 

24.3 

30.2 

2nd Harvest from unirrigated plots. 

10.2 

9.2 

2.5 

11.5 

18.7 

Date for 1st Harvest. 

6/26 

6/15 

6/4 

6/12 

6/6 

» » 2nd » . 

8/0 

7/8 

7/22 

7/26 

7/16 

Days between 1st and 2nd Hai^vest. 

41 

23 

48 

44 

40 

Oorrected 2nd Harvest (computed as taken 
40 days af ter Ist Harvest under assuming 






of linear growtH). i 

lO.O 

17.4^ 

2.1 

10.5 

18.7 

1st eorrected 2nd Harvest. 

14.3 

49.9 

18.3 

34.8 

48.0 

Preeipitation in rnm during 30 days before 






and 40 days after Ist harvest = 70 days 

98 

165 

43 

94 

139 

1st -f eorrected 2nd Harvest from irrigatedl 






plots (a = unirrigated plots): b 

27.9 

46.5 

28.2 

37.0 

54.2 

c 

33.4 

47.9 

37.2 

46.« 

56.2 

d 

36.7 

47.9 

42.» 

53.3 

56.Ö 

Irrigation in mm before 2nd Harvest: b 

92 

i 0 

96 

71 

13 

c 

152 

12 

166 

131 

23 

d 

222 

39 

236 

i 191 

61 


^ 3rd Harvest taken Aug. 14 = 17.7 dt/ha. Under assuining of Unear growth 
between 2nd and 3rd Harvest 8.2 dt Has been added to tHe 2nd Harvest tHis year. 


standard period between the first and the seeond harvest was ehosen 
40 days (cf table 29). In the earliest (‘ase, irrigation was performed 
30 days before the first harvest. Corisequently the investigation 
period for all the years included 70 days in total. 

The eorrected data thus obtained are shown in fig. 15. Because 
of the abundant rainfall in 1942, almost no irrigation had to be 
applied. The results from that year are therefore omitted. Tn fig. 16 
is shown the yield of unirrigated plots in relation to the rainfall 
during the above-mentioned period of 70 days. A comparison be¬ 
tween the regression of yield on irrigation, in fig. 15, and the re¬ 
gression on preeipitation, in fig. 16, will evidently give a measure- 
ment of the relative effect of irrigation. Analogous to the inves- 
tigations treated in part V, smoothing of the data in the two dia¬ 
grams should of course have been performed by means of a parabola. 
However, on account of the wide scatter of data in fig. 16 — in itself 
a quite natural phenomenon — and the low number of observations, 
it would mean an overestimating of the material to perform a 
smoothing of this kind. Instead, a straight line was fitted to the given 
data. In order to obtain comparable results, straight lines were also 
fitted to the data in fig. 15. 

The results of the analyses are given in table 30. As is seen, the 
regression of yield on irrigation is nearly the same for the different 
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Fig. 15. Regi’eiwion of tho yields of hay upon irrigation in the irrigation experiments 
at tho Royal Agrieultural College. Oorapare with table 29! 


years. Beeaiise of the low nuniber of data, however, none of the 
regression eoeffieients ean be significant. On the average, an in- 
erease in yield of 0.103 dt/ha and mm of irrigation was obtained. 

The corresponding smoothing of the data in fig. 16 gave the result 
c: == 0.295 dt/ha/mm (the full-drawn line in the figure). This value, 
however, is not to be compared directly with the relation found 
between irrigation intensity and crop yield, because eonsideration 
must be given also to the influence of temperature. The regression 
lines in fig. 15 are of course to be considered as net regressions of 
yield upon irrigation. In order to get comparable results, the influ¬ 
ence of temperature on the relationship between precipitation and 
yield should therefore be eliminated. Computation of tliis net re¬ 
gression, with the temperature from May to July fixed to the average, 
gave the result z = 0.241 dt/ha/mm (the dotted line in fig. 16). 
The quotient between the regression of the yield upon the irrigation 
for the respective years and this latter coefficient ought to be an 
approximately true value of the relative effect of irrigation. These 
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Fig. 16. Regression of the yields of hay from unirrigated plots upon preeipitation 
in the irrigation experiments at the Royal Agricultural College 1941 —1945. 


quotients are showri in the bottom row in table 30. On an average, 
the value 0.43 was obtained, that is, the effeet of irrigation would 
f(yr ihese four years have averaged 43 per cent of the effeet of preeipi¬ 
tation, 

Since, however, the investigations above are based on a rather 
limited material, it is evident that the results obtained are more or 

Table 30. Effeet of irrigation on crop yield in relation to the effeet 
of rainfall, The regression coeffieients based on values from the irri¬ 
gation exjieriments at the Royal Agricultural College, 
Compare with the text and table 29! 



1941 

1943 

1944 

1945 

... 

Mean 

Regression ( 2 ) of the yield of hay (Ist 
-f correeted 2nd harveet) in dt/ha upon 
irrigation in mm before 2nd harvest... 

O .102 

0.106 

0.102 

0.104 

0.103 

Net regression (u) of the yield of hay from 
unirrigated plots (Ist + correeted 2nd 
harvest) in dt/ha upon rainfall in mm 
during 70 days before 2nd harvest 1941- 
1945 with the mean temperature May- 

July assumed to be constant. 

Quotient *; m = relative effeet of irrigation 

0.42 

0.44 

0.42 

0.43 

0.241 j 
0.43 1 
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less unreliable. Particularly the relation between crop yield and the 
precipitation during the period of 70 days upon which the relative 
effect of the irrigation for all the years is based, must be rather 
vague. These percentages must therefore not be given too much 
importance. On the other hand, it will be safe to assume that they 
are representative as to the approximative size of the relative effect 
of irrigation. Until a more extensive material is available, and con- 
sequently a more reliable determination of this percentage can be 
made, it may therefore be assumed that under Swedish conditions 
irrigation in form of sprinkling has an effect equal to 40—50 per cent 
of the effect of precipitation. 

It is evident, however, that the relative effect of irrigation must 
greatly depend on the conditions under which the irrigation is carried 
out. In the experiments performed at the Institute, a sprinkler was 
used where the water, in being pressed against a conical top-screw, 
was spread uniformly in all directions with a radius of action of about 
3.5 m. At present it can not be stated to what extent the »degree 
of a(‘tion» is different in regular irrigation praxis where rotary sprink> 
lers with a radius of action about ten times as large are used. In 
the experiments the irrigation was made only in daytime, but 
not during days with strong wind. On the other hand, it occurred 
not seldom that there was an intense sunshine during the irrigation. 
In 1941, irrigation was carried out every fortnight; in the following 
years every ten days. Amounts of more than 35 to 40 mm of irri¬ 
gation were divided between two subsequent days. 

If the relative nuniber 0.45 is used as a reasonable value of the 
effect of irrigation as compared to precipitation, it is possible to 
get an approximate measure on the amounts of water that would 
be necessary for the production of an optimal yield in various cases. 
It is to be noticed, however, that in principle it will lead to wrong 
results if the average precipitation deficits found in part V are di- 
rectly recalculated by dividing with the above relative number. 
The computed precipitation deficits in part V indicate the average for 
all the years included in the investigation period, thus including 
the years when the precipitation exceeded the optimum one. During 
years when the precipitation is optimal or superoptimal, irrigation 
will evidently be out of question, A computation of the average 
irrigation requirement for a sequence of years should therefore 
be based on the average precipitation for those years when the 
precipitation was below optimum. This average that we may call 
will consequently be lower than the average precipitation for 
the whole period, Jf*. On the other hand, all years during the pe¬ 
riod must be taken into consideration if a reliable expression for the 
average irrigation requirement is to be obtained. This may be done 
in the following way. If the computed optimum precipitation is 
written O*, the total number of years in the investigation period, 
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Table 31. Average irrigation requiremenUf in mm at different plaees 
and for different crops according to the net regression curves in part 
V and to formula 25, The effect of irrigation was assumed to be 
45 % of the effect of precipitation. 


Locality 

Barley 

Oats 

May 

Pota- 

toes 

and <] 

Sugar 

boets 

une 

Fodder 

boets 

Swe- 

des 

Ley 

July 

Po ta* 
toes 

and Aug. 

Swe-; Tur- 
des i nips 

Alnarp. 

65 

60 

44 

58 

53 


295 

60 



Bollerup. 

73 

69 




(129) 

193 

38 



Bjårka-Säby . .. 

51 

44 




27 

91 

53 



Ulvhåll. 

27 






69 

27 



Ultuna. 


(11(5) 

25 




118 

60 



Klagstorp. 

i 

(193) 





122 

22 

33 

36 

Varpnäs. 


(57 





142 


47 

47 

Vassbo. 

49 






98 



40 

Nordvik. 

! 42 1 







31 


33 

Average 

50 

601 

(36) 


1 

107» 

41 

(40) 

39 


^ Ultuna and Klagstorp ornitted. ^ Alnarp and Bollerup oinitted. 


w, and the number of years when the precipitation was below op¬ 
timum, m, then the average irrigation requirement, Jr, caii be com- 
puted according to the formula 




Or — Mjc m 
k n ’ 


(25) 


where k indicates the relative effect of irrigation. 

The results obtained according to this formula are showu in table 
31. The table includes only the crops for which the net regression 
on the precipitation was computed and for which a tangible opti¬ 
mum was obtained. Because the optimum range in several cases 
was rather wide, it is quite natural that the results in table 31 are 
somewhat diverging. However, the table may give a fairly good 
idea of the additional amount of water that will be necessary for the 
production of an optimal yield in different cases. Concorning the 
two precipitation periods, May-June and July-August respectively, 
it is assumed that irrigation is performed only during one of 
these periods, at the same time as the precipitation during the other 
period is normal. 

As is seen from table 31, the leys show the largest need of irri¬ 
gation. Thus, in the middle of Sweden the computed irrigation re¬ 
quirement for the leys during May and June is on an average about 
110 mm, and for the two farms in Skåne more than the double this 
amount. As to spring cereals, the average need of water for barley 
during May and June would be about 50 mm and for oats about 
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60 mm — in the last case regardless of the results from Ultuna and 
Klagstorp which differ considerably from the others (ef table 16). 
C/oncerning potatoes there should be an average irrigation require- 
ment of about 40 mm during July and August. The same result was 
obtained for the root crops at the four last farms in table 31. Thus, 
eoncerning this latter period, for none of the plant species examined 
the requirernent of water is likely to be greater than it is for the 
leys in May and June. An irrigation system made to be sufficient 
to supply tlu*. leys with their need of water during May and June, 
will therefore easily be able to furnish also other plant species within 
an area equal to that of the leys — potatoes, root crops, etc. — with 
their required amount of water during the following two-month- 
period, provided the leys are not irrigated during that time. 

Although it falls beyond the range of this study to enter upon the 
question of the economieal value of irrigation, yet it may here be 
pointed out that the above given data eoncerning the average need 
for irrigation of the various plant species must not be used uncriti- 
cally in determining the size of an irrigation system. These results, 
obtained by theoretical and experimental investigations, indicate 
the average ainounts of water necessary for attaining the teehnieal 
optimum in yield. This needs in no way be equal to the economieal 
optimum. Here, as well as within other branches of farm manage¬ 
ment, these two points are hardly identical. If the dimensions of an 
irrigation system are smaller than is required to fill the average need 
for irrigation, this naturally means that in normal years optimum 
eonditions can not be brought about by means of irrigation. This 
is even more impossible during years with scanty preeipitation. 
On the other hand, in dry years a higher absolute inerease in yield 
by irrigation (*.an be expeeted than in normal years, owing to the shape 
of the relation curve. Furthermore, the larger the dimensions of an 
irrigation system, the larger the nurnber of years when its capacity 
can not be fully utilized. It should also be kept in mind that in years 
when the rainfall is sufficient, there must still be paid amortization 
and interest on the irrigation system. What size of an irrigation 
system is appropriate from the economieal point of view' can 
never be determined universally as the possibilities of utilizing it 
fully are rather varying. There are many faetors that play an im- 
portant röle in this connection, e. g. the condition and the fertility 
of the irrigated area, the quality of the live stock, the system of 
agriculture praetised on the farm, and, last but not least, the 
skilfulness of the farmer. Even if theoretical and experimental 
investigations may provide a good basis for caleulating the approp¬ 
riate size of an irrigation system, this is, ultimately, a question 
to be decided in each individual case by the expert, who has to 
consider all circumstances that are of importance in this respect. 
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Table 32. General survey of the resulta from the examined farms, 
The table indicates the differenee between the sum of the squared 
deviations from the average yiéld and the sum of the squared devia- 
Hons from the regression equation, expressed in percentage of the 

former sum. 


Locality 

Wheat 

Barley 

Oats 

Pota- 

toes 

Sugar 

beets 

Podder 

beets 

Swedes 

Tur- 

nips 

Hay 

from 

arable 

land 

Aver¬ 

age 

Alnarp. 

39.9 

63.4 

74.4 

46.8 

60.6 

35. .5 



75.0 

56.5 

Bollerup ... 

71.5 

60.9 

58.5 

46.3 


76.2 

68.3 


62.1 

63.4 

Bjärka-Såby 


52.7 

77.1 

47.8 



56.0 


38.7 

54.5 

Ulvhäll .... 

61.0 

65.3 

58.3 

55.8 



58.3 


51.3 

58.3 

Ultuna .... 

38.4 

67.8 

51.9 

42.3 



55.4 


50.3 

51.0 1 

Klagstorp .. 



55.9 

26.0 



64.0 

54.9 

45.0 

49.2 i 

Varpnäs . . . 



82.3 

33.5 



57.0 

66.3 

35.1 

54.8 

Vassbo. 


42.6 

22.9 

25.5 




16.5 

48.9 

31.3 1 

Nordvik ... 


43.9 

28.1 

48.8 




i 64.0 

32.1 

43.4 

Average 

52.7 

56.7 

56.6 

41.4 

(60.6) 

(55.9) 

59.8 

50.4 

48.7 

52.2 , 


Vn. Discussion. 

As pointed out in the introdu(*tioii, the yield of our cultivated 
plants is influenced by a great inany growth factors. The more of these 
can be taken into consideration in a study of the relationship between 
a certain growth factor and the yield, the greater the reliability 
for establishing this relation will be. In a statistical analysis, how- 
ever, one will soon reach a limit in this respcct. Because of the la- 
bour required for such an analysis, only a limited number of variates 
(^an be included. On aceount of this, the yield data will be more or 
less scattered around the regression equation. The less scattered 
the data, the better the funetion employed will describe the relation¬ 
ship in question. 

By the method used in the present investigations a certain mul- 
tiple relation was found between precipitation, temperature, and 
yield. It may be of in terest to see, how great a part of the variation 
in the yield of the different plant species has so far been described 
in this paper. In table 32 are shown the results of the statistical 
analyses from this point of view. The differenee between the sum 
of the squared deviations from the average yield and the sum of 
the squared residuals is here expressed in percentage of the former 
sum. It is seen from the table that on the average about half of the 
original variation of the yield data around the respective averages 
has been described. If, instead, that part of the variation in the 
yield which has been described, is expressed as percentage of the 
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standard deviation in the respective cases, it is found that around 
three-fourths of the standard deviation —to be more exact 101^52.2= 
== 72 per cent — is to be ascribed to the variations of the independent 
variates (ef table 34). The remaining scatter, then, naust be ascribed 
to factors that could not be considered in the investigations. In 
the table there are included only those plant species at the different 
places for which the multiple regression was computed. Thus the 
yields of rye are omitted. 

A doser study of the percentages given in table 32 brings out a 
eertain tendency in so far as the variations in yield were best de- 
scribed at the southernmost farms. The remaining söatter increases 
relatively towards the north. To some extent this tendency wili be 
due to the method of computing the relation between temperature 
and yield. In the present study, monthly averages of temperature 
were employed. It is a well-known fact that the doser one gets to 
the limit of cultivation of a crop, the greater is the influence of 
temperature on yield. However, then it is not primarily the mean 
temperature that is decisive but rather the extremes, t. e. the maxi¬ 
mum and minimum temperatures. Thus Enquist (1924) emphasized 
that it had never been possible to State any relationship between 
biological phenomena and dimatological data based on average va- 
lues. Nor was there any reason to assume that the enormous me- 
teorological material that had been collected and treated from this 
point of view during many decades would ever be utilized, simply 
because the amplitude could not be neglected. Therefore Enquist 
proposed that instead of the monthly averages the numbers of du- 
ration of the extreme temperatures sliould be used as a basis. In a 
subsequent work Enquist (1929) showed that there is a marked 
relationship between the maximum temperatures of the 55 warmest 
days during the summer and the yields of oats and barley in the 
provincial district of Västerbotten. 

Enquist’s opinion that the monthly averages of the temperature 
should be of little use for investigations of this kind may be some- 
what exaggerated. Thus, in several cases the author has found a 
significant relationship between monthly mean temperatures and 
the yield. Yet it is not unlikely that for the northernmost farms in 
particular a doser agreement between the actual and the estimated 
yield data would have been obtained, if the extreme temperatures 
had been employed. However, the aim of the present paper is pri¬ 
marily to study the question of the influence of precipitation on 
yield. The temperature factor was included only to elucidate this 
relationship more clearly. Furthermore, the use of the extreme tem¬ 
peratures or the frequencies of a eertain temperature would have 
caused a considerable inerease in the statistical computation work. 
Therefore, the mean temperatures have been used as a basis for the 
investigations all through. 
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Another reason why the remaining scatter is as wide as shown 
in table 32, is evidently the periods of precipitation tliat were used. 
In order to avoid too many variates in the nmltiple regression equa- 
tion, periods of two months were used in all the eases. It is quite 
natural that the yield must be influeneed by the distribution of the 
rainfall within these relatively long periods, whether it has been 
concentrated on a eertain portion of the period or more evenly distri- 
buted over it. No attention was paid to this in the investigations. 
Nor was it possible to take into consideration whether the preci¬ 
pitation has fallen as unceasing rains or in the form of light showers. 
In the latter case the amount of water lost by evaporation must of 
course be considerably larger, beeause the rain will not then have 
time to penetrate into the soil. On the other hand, a violent down- 
pour may have the effect that a eonsiderable amount of water runs 
off on the surface. Moreover, it oceurs not seldom that a heavy 
rainshower eauses damages of mechanical nature (e. g, in beating 
down the cereals). 

From the irrigation point of view it would of course have been 
valuable if the precipitation periods had been shorter, since in that 
case a better idea raight have been obtained as to when and to what 
extent irrigation should appropriately be carried out. Thus, it would 
be of interest to know how the need for supplementary water to the 
leys at different places and for different soil types is ai)portioned to 
May and June. No doubt this question will be answered by ex- 
tending the statistical analysis so as to let the precipitation for May 
and June respectively enter as separate variates. In that case, 
however, the temperature for each of these months should also be 
ineluded as a variate, beeause of the correlation between precipita¬ 
tion and temperature. This means that in an analysis of this kind 
the total number of variates in the regression equation must become 
rather large. 

Still, there is another circumstance that makes the whole ques¬ 
tion more complicated. In the present study calendar months, or 
periods of two months, have been used. However, the crop has not 
reached the same stage of development at the same date in all years. 
On the contrary, there may be a difference in time of up to two 
weeks or more. The use of calendar data therefore involves an ap¬ 
proximation. As to temperature, the error thus introduced will be 
relatively small, beeause there is generally a high correlation between 
the temperatures of two subsequent months (cf table 8). For i)re- 
cipitation, on the other hand, it may properly be assumed that a 
lack of congruenee between the period employed and the develop- 
mental stage of the crop will have more marked influence on the 
results of the analyses. Several agricultural scientists have pointed 
out that in studies of the relationship between precipitation and 
yield, one should not follow the calendar, but rather the stage of 
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development of the plants (Brouwee 1926 a, Alsbeeg & Geipfing 
1939, Peytz 1938, and others). It is evident, however, that the 
longer the precipitation periods in studies of this kind are chosen, 
the less this lack of congruence will influence the results. Thus, with 
periods of two months, the results are not likely to be affected to 
any high extent by this circumstance. If, instead, the periods in- 
clude only one month, it is to be feared that the use of calendar data 
iriay give a rather false picture of the actual relationship between 
precipitation and yield. In such a case, the use of periods based 
on the stage of development of the crop would be most appropriate. 
This would meaii, however, that to a great extent it would be ne- 
cessary to use different periods for differeiit crops, whereas when 
calendar data are used a good deal of the numerical calculations can 
be made in common for different plant species. A systematically 
performed investigation with periods in agreement with the stage 
of development of the respe(*tive crops must, therefore, involve a 
most considerable increase in the computation work. 

In the present (‘ase, investigations according to these principles, 
though highly desirable, could not be carried through for the above 
mentioned reason. However, in order to show what results this 
method is likely to give from the irrigation point of view, it was 
applied to the yicdds of hay from those farms for which the most 
pronoun(*ed net regressions of the yield upon rainfall in the early 
summer were found, viz. Alnarp, Bjärka-Säby, Klagstorp, and 
Vassbo (cf table 23). To minimize the number of variates in the re¬ 
gression equation an approximation was made. Instead of the ori¬ 
ginal yield data, the residuals were employed from the respective 
regression equations with exc^eption of precipitation and tempera- 
ture during May and June. On the basis of these data the multiple 
regression was computed between the yield and the precipitation 
during the last 30 days before harvest and during the period 31 to 
60 days before harvest. At the same time, the mean temperatures 
for May and for June were included as variat^. For Alnarp, however, 
the rnean temperatures during April to May and May to June, re- 
spectively, were used in order to obtain better agreement with the 
precipitation periods. By these approximations the number of va¬ 
riates in this new regression equation was reduced to six in all the 
cases. 

The results of these supplementary investigations are shownin 
table 33. From this table it is seen that the precipitation during the 
30 days immediately before harvest (period II) exerted far the 
greatest influence on the yield. This is especially the case on the 
easily permeable soil at Alnarp. It is true that for Bjärka-Säby the 
results are somewhat different from those at the other places, but, 
as is shown by the table, the results from Bjärka-Säby are rather 
vague. In table 33 are also given the calculated optimum amounts 
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Table 33. Partial regression eoefficients for the relationship between 
temperatiire during May and June, precipitation during 31-60 days 
(period Z), respectively 30 days (period II) hefore Harvest, and the 
yield of hay, The regression is based on the ad justed yield data 
according to the equations in table 23 with temperature and preci¬ 
pitation during May-June excluded. 


1 Cauae of variation 

Coeffi- 

ciont 

Alnarp 

Bjarka- 

Saby 

Klags- 

torp 

Vassbo 

' Moaii temperature May' (dt/°C) 


-1.317 

- 0.24Ö 

0.689 

-0.274 

' » » June* » 

^2 

-1.100 

- O.OOB 

1.9381 

2.455* 

, Precipitation period I (dt/mrn) 

1 23 

0.024 

0.00042 

0.3e2t 

-0.00194 

o.riSö* 

O.00393t 

0.314tt 

-O.00249t 

)> » 11 » 

i 

0.331* 

0.213 

0.54 Itt 

0.396** 

\ 2. 

- 0.0O134 

-0.00110 

-0.00334* 

-0.00221* 

, Mean precipitation in mm 






period 1 


36 

39 

44 

38 

‘> in ram 






period 11 


45 

50 

48 

59 

Optimum precipitation in 1 
when fixed to average in IT 
^ Optimum precipitation in II 


i 

03 

68 

63 

when fixed to average in I 
Computed inerease m yield in 


124 

97 

81 1 

89 

% for optimum precipitation 
in 1. 



14 

11 

8 

Computed inerease in yield in 

I % for optimum precipitation 






i in II. 


12 

7 

15 

12 


^ Concerning Alnarp average for April-May. 
» » » D May-Juno. 


uf precipitation for the respective periods and the corresponding 
average yield inerease in per cent, when the precipitation during the 
other period is assunied to be normal. Thiis at Alnarp a precipita* 
tion deficit of about 30 mm was found during period II, and at 
Bjärka-8äby, a deficit of about 50 mm for each of the two periods. 
As to the other two farms the average precipitation deficit under the 
same presumptions would be about 25 mm during period I and 
about 30 mm during period II. 

Concerning spring-seeded grains it is a well-known fact that the 
water conditions in the soil during the time of germination and 
sprouting are of special importance. Abundant rainfall during this 
time generally acts unfavourably on the growth. If the time of 
sprouting is very rainy but is followed by a dry period, the crop 
grown on easily permeable soils may suffer further damage during 
the latter period. In using the two-month-period May and June for 
a study of the influence of precipitation on yield it may sometimes 
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liappen that the precii^itation has been concentrated to the beginning 
of the period and has then been very scanty during the rost of the 
period. On acoonnt of this unfavourable distribution it is obvious that 
even if the total rainfall during the whole period in such a year has ex- 
eeeded the computed optimum one, an increased precipitation during 
tlie rest of the period ought to cause an increase in yield and not a 
decrease as indicated by the performed investigations in part Y. 
However, as mentioned above, it has not been possible in the pre¬ 
sent work to en ter more closely on the influence of precipitation 
on the development of growth during such short parts of the growing 
season. The author intends to deal with these x>roblem8 in a fol- 
lowing paper. 

Another queslion that rnay be discussed is what importanee 
should be given to here obtained relations between yield and pre¬ 
cipitation during that part of the growing season which is the most 
important one for the crop, as seen against the significances obtained 
in the different cases. As shown in the tables in part V, the con- 
ventional limits ** or *** were reached only in rather few cases. On 
the other hand, for each one investigation, it is a matter of judgement 
where that line should be drawn within which the rcsults are to be 
regarded as convincing. The tables in part Y indicate that the most 
distinct relations are generally found in cases, where the investiga¬ 
tions could be based on relatively long series of yield records. For 
sucti farms where data are available only from about 25 years or 
less, a statistical analysis involving several variates must evidently 
give a rather vague result, because the number of degrees of freedom 
is then small and the standard errors accordingly large. The re- 
sults from these places may therefore not be given very much ini- 
portance separately, but as they show the same tendency as the 
results from farms where longer series of yield records ha ve been 
available, they may be considered to have a certain power of evid- 
ence together with these lotter results (cf Bonj^ier & Tedin 1940). 

As mentioned above, only in a few cases the net regression of 
the yield upon precipitation was proved to be highly significant. 
However, it will be illustrated by presenting a supplementary 
study on the yields of hay that this can not be ascribed so much to 
the method employed as far more to the limited primary material. 
As shown in table 24, for Bjärka-Säby, Ultuna, Klagstorp, Yarp- 
näs, and Yassbo the computed optimum precipitation during 
May and June was about the same. As an approximation it was, 
therefore, considered justified to lump together the material from 
these farms, which gave n = 199 and Mx = 88 mm. In order to 
make the yield data from the different farms comparable, the yields 
from each farm were expressed as percentages of the average. Com- 
putation of the net regression of the relative yield upon precipitation 
during May and June in mm — the other variates in the regression 
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Predpi^af/on m mm durinp ^ay ~June 

Fig. 17. Net regroBsion of the relative ylelds of hay at Bjärka-Saby, Ultuna, Klag»- 
torp, Varpnås, and Vassbo upon the precipitation diiring May and .Tuno. ('ompare 

with the text! 

equation being fixed in the usual way to their respeotive averages 
(see table 23) — gave the result 

y = 48.06 + (0.934 ± 0.160)3- - (0.00330 + 0.00076) 

thus tj, = 5.84 and U, = 4.82 and ymav, 114.24 for a; =-= 142 mm 
(fig. 17). For t == 3.29 FiSHER & Yates’ tables (1938) give the prob- 
abilify *•* for the found relation to be due to a real eause. Thus 
both regression coefficients are highly significant, and the more or 
less unreliable results from the investigations performed must eon- 
sequently be due largely to the limited number of data. 

For the reason just mentioned the individual net regression coef¬ 
ficients have been significant only in a few cases. Yet, the statistical 
analysis as a whole generally shows satisfactory significance. This 
is found by computing the multiple correlation coefficient, defined 
by the formula 

In table 34 the values of R obtained from this formula are shown. 
In these computations, though somewhat incorrect, the sum of the 
squared deviations from the original average yield was employed, 
in spite of the fact that time was not involved in the multiple re¬ 
gression equation, Hence follows that the given values of R are 
identical with the square root of the percentages in table 32, referred 
to the basic value one. It may be mentioned, however, that the 
multiple correlations on the whole would surely have been practic- 
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Table 34. Coefficienta of mulUple oorrélation obtained through the 
performed investigations. 


1 . 

Lofality 

Wheat 

Barley 

Oats 

Pota- 

toes 

Sugar 

beets 

Fodder 

beets 

Swedes 

Tumips 

Hay 

from 

arable 

land 

1 

Alnarp.... 

0.832* 

0.796*** 

0.883*** 

0.684*** 

0.778*** 

0.595t 



0.886*** 

Bollerup .... 

0.846*** 

0.780** 

0.765* 

0.6801 


0.873*** 

0.826** 


0.788** 

Bjärka-Säby. 


0.728*** 

0.878*** 

0.691*** 



0.748*** 


0.622*** 

lUvhall. 

0.781* 

0.808 

0.7e4t 

0.747t 



0.764t 


0.716* 1 

! Ultuna. 

0.820* 

0.823*** 

0.720** 

0.650* 



0.744* 


0.709***| 

K lagstorp . . . 



0.748*** 

0.51 Ot 



0.800* 

0.741* 

0.671** 

Varpnas .... 



0.907*** 

0.679 



0.755t 

0.814* 

0.592t 

V'as8bo. 


0.653tt 

0.479 

0.505 




0.408 

0.699*** 

Nordvik .... 


0.683** i 

0.530 

0.699** 




0.800** 

0.587** 1 


ally the same if time had been involved as a variable. This is 
seen from the bottom row in table 13 where the values of R in 
the eolumns I and II are almost equal. In table 34 the signi- 
ficanee of the coeffieients is indicated in the same way as previously. 
The standard error for R was caleulated according to the formula 


f(Ä)== 


1 / 

y n — p — l' 


(27) 


where p denotes the number of variates (Bonnier & Tedin 1940). 
Jn the computation of the standard errors consideration was given 
to all the variates, thus also to time in the cases where smoothing for 
trend was carried out (cf table 10). 

It will be easily understood that the present investigations are 
not extensive enough to provide an exhaustive analysis of the ques- 
tion of irrigation in Sweden. Nor was this intended by the author, 
but the object was in the first piaee to indioate a practicable way 
to solve this problem. If a sufficiently good picture of the existing 
precipitation deficits for different regions and different plant spe- 
eies is to be obtained, an essentially much larger material will of 
course have to be examined than was possible in this study. The 
investigations performed should therefore primarily be regarded as 
samples, where the different farms represent more or less different 
regions with regard to the climate. 

Even if it has not been possible to present an analysis of the 
problem in question that is detailed enough for practical agriculture, 
yet it may be of interest to compare the reaults with »ideab amounts 
of precipitation suggested by other authors. In table 35 the results 
here obtained are therefore arranged together with amomits of pre¬ 
cipitation denoted as the most favourable ones by Wohltmann 

18 — 46590 Lantbrukahögskolans Annaler. Vol. 14 
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Tab. 35. Optimal precipiiation in mm for different vrops aveording 
to different authors, C ompar e with the text! 


Crop 

Wohltmann 1904 

Freckmann 1930 

Author' 

s results 

May~June 

July-Aug. 

May JunejJuly-Aug. 

May - June 

July Aug. 

Wintei wheat . 



150 


100 110 

_ 

Winter lye ... 

/ 

11 u 

140 

— 

90 100 

— 

Barley. 

110 

90 

140-150 

— 

100-110 

100-110 

Oats. 

140 

120 

140 150 

— 

100-120 1 

100 130 

Potatoes . 


\ A K. 

130 

160 180 

80-100 

120 1.50 

Fotlder roots . . 

/ 1 uu 

140 

120 

170-180 

90 100 1 

120 130' 

Hay (moadow) 

135 

135 

180-220 

160 210 

1.30 140^1 

! — 


^ In the middle of Sweden. 


(1904) and Freckmann (1930), both referriiig to German eonditions. 
The values given by Freckmann, however, ean not be direetly eom- 
pared to the others, as they give the sum of natural rainfall and 
irrigation. Freckmann himself pointed ont that his values niight 
seem to be high, but- this was beeause irrigation had not the same 
effeet as rainfall. As to the »ideal» preeipitation arnounts suggested 
by WoHLTMANN, they agree fairly well with those obtained in th(‘ 
present study. Yet the latter are generally somewhat lower, whieh 
is rather natural since the Swedish temperature is different from that< 
in Germany. It should be notieed, however, that in several e.ases 
the optimum arnounts of preeipitation, aeeording to the present in- 
vestigations, are highly approximative, beeause the results obtained 
in part V were not always easily interpreted (ef tables 15, 18, 20, 
23, and 27). Thus in the ease of winter eereals it was not possible, 
on the basis of the investigations performed, to State any sueh va> 
lues for July and August. 

By using the method of multiple eurvilinear regression, eonsidera- 
tion is given to the interrelation between the variates entering the 
regression equation. As a final result a series of coefficients is ob¬ 
tained, representing the relationship between each variable and the 
yield, when the other variates are held constant by being fixed 
to their averages. It is easily understood, however, that for the water 
requirement of the plants it can not be unimportant, whether the 
temperature during a certain period is higher or lower than the 
average. Thus, during warm summers the evaporation from the 
soil surface and the vegetation is higher than normal. Consequently, 
the relative consumption of water must also be greater. In summers 
with temperature lower than normal, the opposite eonditions oceur. 
This has been shown e. g, in a series of investigations by Shantz 
& PiEMEiSEL (1927) performed during the years 1911—1917. Some 
of these results are given in table 36, where the average of the re- 
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Table 36. Eelative water requirement in average for varioua oropa 
aeeording io Shantz & Piemeisel (1927). 


Year 

Mean temperature 
in Fahrenheit 
April-Sept. 

Precipitation 
in mm 
April-8ept. 

Relative 

water 

requirement 

1911 

63 

258 

107 

1912 

59 

395 

78 

! 1913 

63 

252 

104 

19U 

63 

299 

103 

1915 

59 

486 

77 

191() 

60 

269 

130 

1917 

61 

370 i 

101 

i Average 

61.1 

33» 

100 


liiiive water eonsumption of ihe examined plant speeies is expressed 
for eaeh year as a percentage of the average for the whole seven- 
year-period. These percenta^jfes show a marked inerease with teni- 
perature, 

Frorn the faet that the water requirement of a eertain erop depends 
partly on temperature conditions, it follows that the optimum pre- 
eipitation for this erop ean not be considered as a constant, but will 
be a funetion of the temperature. This opinion has earlier been 
expressed in conneetion with studies within this field. Thus Als- 
BERG & Griffing (1929), in discussing the influence of precipitation 
on the yield of winter wheat, stated the following: »If the effect of 
(»ach environmental factor is in part a funetion of all other faetors 
that make up the environment, then the optimum for that factor 
must be a variable. One is, therefore, not justified in sayin^? that 
the optimum rainfall for wheat is so many inches; one is justified 
only in saying that for the average (»onditions prevailing in a given 
region the optimum rainfall is thus and m» (lov. vit., p. 21). 

As mentioned above, the multiple regression computed in the 
usual way gives only the net effect of each variable when the others 
are held constant by being fixed to their averages. Contrary to this, 
the net regression on the yield of one variable when the other variables 
are allowed to vary simultaneously, is not revealed, neither is the 
vombined effect of the different variables. By extended statistical 
analysis, however, it is possible to get a measurement of the latter 
effect. This can be made by introducing as additional variates the 
Products of the independent variates. Thus, if one intends to study 
the influence of precipitation on yield during an important period, 
and at the same time must give consideration to the influence of 
temperature during two different periods, the following equation 
may be fitted to the given data. If the temperature is denoted t^ 
and <2 ä^nd the precipitation a?, then 
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y — ^ ^2 ^2 ^3 ^ ^4 ^6 ^1 ^2 Z^ti X -i" Z<j X^ 4* 

4 + - 9 ^ 2 ^*^ ( 28 ) 

or 

y ~ ^ ty -\r z^t^ f ^5 ^ ^2 ~^' (*^3 ^6 ^1 ^8 ^ 2 ) ^ 

4 (^4 4 -C'7 4 z ^ 1^2) 

In this equation llie net regression eoefficients for x and x^ are 
no longer independent of temperature biit, instead, funetions of it. 
Hen(^e, depending on what values for and t.2 are put into the equa¬ 
tion, different net regressions of the yield upon precipitation will 
be obtained and, moreover, different optimum values for x, 

Yet, it is obvious to everyone that an investigation following sueli 
lines would require quite a gigantic labour. Tn the equation above, 
whioh originally involved four variates, this number would be in- 
creased to nine at the enlarged analysis. This would mean that the 
statistieal eomputation work would be about the fourfold. A sys- 
teniatieal investigation of the different plant species earried out in 
this way could therefore not possibly be perforiruHl. However, in 
order to illustrate this enlarged analysis as applied to a real material, 
the author has performed an analysis of this kind, viz. for the yields 
of hay at Klagstorp. To make the computations as simple as possible, 
only the products < 2 -^ and t^x'^ were ineluded as additional variables, 
wdiere <2 i® temperature during May and June and x tbe rain- 
fall during this period. With the temperature in March—April 
called the equation proved to be 

y = — 8.90 + 2.789^1 4 1.685^2 (0.727 — 0.0239 ^ iP — 

— (0.00352 — 0.000182 tg) a?*-*, 

where x is expressed in mm and y in dt/ha. The equation is illustrated 
in fig. 18, where t^ has been fixed to the average. As is seen, it re- 
veals considerable differences in optimum precipitation for different 
average temperatures during May and June. Purthermore, the op¬ 
timum yield seems to iiicrease considerably with increased mean 
temperature, whieh is of course to be expeeted. 

From the equation above it is possible to compute the combined 
effeet between temperature and precipitation. For two different 
temperatures t^ and during May and June, the two optimum points 
(^ 1 ; yi) and y^) are obtained from the equation with a calcul- 
ated difference in yield y,2 — y^ ^ A y. If the temperature t^ is 
increased to <21 while the precipitation Xi remains unchanged, then 
the calculated increase in yield is y\ — y^ A yt, If, instead, the 
precipitation is increased from x^ to x^ at a constant temperature 
ti, the increase in yield (negative) is y\ — == A yx. The combined 

effeet is evidently Ay — {Ayt 4 If, for instauee, the mean 

temperature during May and June were elevated from 9® to 13® C, 
the combined effeet would be about 6 dt/ha. 



40 60 60 tOO 120 140 160 160 200 220 

Prezipifofion in mm during Pfoy *June 

Fig. 18. Net regression of the yield of hay at Klagstorp 1907—1942 (y) upon the 
precipitation during May and June {x) at different mean temperatures during this 
period (<) according to the equation 

y = — 3.99 t 1.685 t f (0.727 — 0.0239 t) x -- (0.00352 — 0.000182 0 a?*. 

It ought to be mentioned that as the results are not likely to be 
significant — no computation of the standard errors has been per- 
formed — not too much importanee should be given to the real 
value of the ealculated differences in optimum yield and optimum 
precipitation at different temperatures. If the corresponding data 
from another farm had been used as a basis for an analysis of this 
kind, the result would probably have been another. The results 
are therefore interesting primarily on account of their general tend- 
ency. 

Also in other ways a measure can be obtained of the combined 
effect between temperature and precipitation, namely by means of 
the analysis of variance according to Fishee (1946). As an illustra¬ 
tion may be shown the results of such an analysis based on the yields 
of spring O/creals at Bollerup. From tables 15 and 16 it is seen that 
in the previous investigations the results for barley and oats at this 
farm were largely the same in regard to the optimum amount of 
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preeij)itation. Likewise, the responses for temperature were fairly 
equal. It was therefore considered justified for the x)urpose of this 
study to lump together the material. In table 37 the yields of bar- 
ley and oats at Bollerup are shown groui)ed in regard to temi)eratiire 
and precipitation. Ilowever, the table is based only on yield datii 
within the given limits of temperature and precipitation (n = 20). 
The linear regression of yield on temperature as well as on precipi¬ 
tation was here first computed. Then the yield data within each 
group of precipitation and temperature were referred to the respeet- 
ive group averages by application of eorreetions eorresponding to 
the computed regression eoefficients. The yield data in table 37 
are therefore the averages of the yields falling within eacjh group. 
It may be mentioned that the material in the table is not entirely 
homogeneous, in so far as all the data are not based on the same 
number of primary figures. 

The results of the analysis of varianee are shown in table 38. 
The effect of preeiiutation is signifi(*ant, and a marked eff(»ct was 
obtained also for temperature. The eombined effect between tem¬ 
perature and precipitation w^as in this ease established with a degree 
of probability of about (). 8 (). 

As has here been shown, by analyzing statistically the data of 
X)recipitation, temperature, and yield by means of multiple regression 
m the usual way, consideration is given to the correlation between 
temperature and precipitation. By entering as additional variates 
the Products of temperature and x>re(‘ipitation or by analysis of 
varianee, it is possible to get a measure of the eombined effect ex- 
isting according to the x>rimary material. Ilowever, one must be 
aware that in spite of this, the estiniated yields for different preci¬ 
pitation and temperature are not identi(*al with the yields that would 
have been obtained if the precipitation had aetually heen optimal, 
or had been supplemented to optimum hy means of irrigation* As is 
seen from table 7, there is generally a negative correlation between 
temperature and precipitation during the growing season. Only 
during one or two years high temperature during early summer was 
accompanied by abundant rainfall. If the precipitation at different 
temperatures were the optimum one, there would be a high positive 
correlation between the two faetors. Since, in spite of the negative 
correlation between them, a positive cornbined effect could be stated, 
it may be assumed that if the correlation had instead been positive, 
a considerably higher eombined effect tvould have been obtained, How 
great this effect would have been is of course impossible to say. 
For such a statement a primary material of quite another nature 
than the one really existing would have been required. Thus, it 
may only be stated that the eombined effect would have been greater. 
The results obtained in part V are consequently less favourable 
from the irrigation point of view than would in reality have been 
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Table 37. Yields of harley and oats at Bolleruj) in dtika grouped 
with regard to temperature and precipitation, Compare with the teoot! 


Mean tompera- 
tiire April May 
in oentigrades 

m 

Crop 

Precipitation in 

mrn May-Jiine 

Total 


20 44 

45-69 

70- 04 

95 119 


Bai ley 

17.0 

2.3.3 

33.0 

37.0 

111.8 

r. o.o" 5.0" 

Oats 

15.7 

27.0 

33.4 

37.x 

114.1 


Total 

33.6 

51.2 

66.4 

74.7 

225.0 


Barley 

22.0 

28.8 

31.2 

34.1 

116.7 

IJ. (i.O O.O" 

Oats 

13.8 

34.0 

29.5 

27.0 

104.3 


Total 

36.4 

B2.8 

60.7 

61.1 

I 221.0 


Barley 

29.4 j 

39.7 

36.0 


|MH| 

111. 7.0 7.0" 

Oats 1 

i 20.2 

33.0 

39m 




Total 

49.6 

73.6 

75.0 



! 

Barley 

69.9 

' 91.8 

: lui.i 

loe.i 

368.0 

1 I 111 

' 

Oats 

49.7 

i 95.8 

i i(»i.» 

97.1 

1 344.5 


Total 

1 119.6 

1 187.6 

1 203.0 

203.2 

713.4 


Table 38. Analysis of rariance of the values in table 37, 


Souree of variation 

Sum of 
squares 

Degrees of 
freedom 

Mean 

squaro 

Precipitation. 

793.71 

3 

264.57*** 

Temperature. 

155.04 

1 2 

77.97* 

Combmed effect precipitation-teinperature . . 

147.85 

i 6 

24.64t 

Rest (error). 

154.42 1 

i 12 

12.87 

Total 

1251.02 I 

23 1 



the case, if the found precipitation deficits had been supplemented 
by irrif^ation. To the ealeulated increase in yield for a certain additional 
supply of precipitation should thereforcj in order to ohtain resulta applie- 
able within the field of irrigation^ be ad ded the mutual effect of pre- 
cipitation and temperature ihat arisesj when the former is varying 
within the range of the variation of temperature in sueh a way that it 
occurs in optimal amounts at different mean temperatures. 

It should also be emjdiasized that the results obtained during the 
present investigations are true only of varieties grown at the present 
time and with the cultivation technic and the system of agriculture 
practised at the examined farms. Of course they are not direetly 
applicable to varieties that will replace the present ones in the fu- 
ture. This is especially worth remembering as it is not out of question 
that the plant breeders may suce^eed in producing more dry-resistent 
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Tab- 39. Bélative area of wheai, barley, oats, and hay from arable 
layid in some Swedish counties in averages for the years 1935-1944 
according to the offieial statistics of Sweden (Sveriges Officiella Sta¬ 
tistik) and precipitation during May and June (in averages for the 

years 1881-1920). 


County 

Precipitation j 
in mm | 

I 

Wheat 

1 

Barloy 

Oats 

Hay from j 
arablo i 
land 

Gotland. 

1 

61 

1 

7.9 : 

9.7 

3.3 

28.5 1 

S. Kalmar. 

79 

.5.8 j 

4.3 

15.4 

25.3 

Skaraborg. 

i 66 

5.2 

0.5 

25.3 

32.2 

S. Älveborg. 

120 1 

1.0 1 

0.4 

27.8 

42.8 


varieties than are now available on the niarket. If this should be 
the case, the whole aspect of the question of irrigation will of eourse 
be fiomewhat changed. 

The values of optimum precipitation obtained for different erops 
and localities indicate that to a certain extent our cultivated plants 
are able to adapt themselves to the prevailing conditions of preci¬ 
pitation. Yet it is seen from the results that the average precipita¬ 
tion deficits for different plant speeies are quite different. It may 
then be brought up to diseussion whether precipitation should be 
adjusted to crop production by means of irrigation or, conversely, 
if the crop production should be planned af ter the precipitation. 
The most natural way is of eourse to use such types of crop produc¬ 
tion within the different regions that are adapted as well as possible 
to the normal precipitation. To a certain extent this is also done in 
Sweden, as shown by the offieial statistical records. In table 39 are 
shown some data of the percentage use of the aereage in some Swedish 
provincial distriets, as compared to the mean precipitation during 
May and June. The distriets, which represent different climatic 
types, are arranged in order of inereasing humidity. On the island 
of Gotland where the rainfall in early summer is very low, winter 
wheats and barleys are prominent crops, while the area under oats 
is rather small. In the western distriets, on the other hand, where 
the rainfall is rather high, the area used for barleys is insignificant, 
whereas the area under oats and leys is considerably larger (cf 
Wallis 1915, Neuhaxjs 1929, Fbbckmann 1932, and others). 

It is evident, however, that the cultivation of plants within a 
certain district will ne ver be wholly adapted to the prevailing con- 
ditions of precipitation. On account of the different water require- 
ments of the plant varieties now grown, this would mean a lack of 
proportionality in regard to crop production that would be detri- 
mental to an intensive agriculture. Within such distriets where 
the rainfall is generally insufficient for crops needing relatively 
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large amounts of water, preventive measures of one sort or other 
must therefore be taken. One such method, and a very effective 
one, is of course irrigation. On the other hand, the importance of 
irrigation for the Swedish agriculture should not be overestimated, 
primarily because water is in many cases not available or lies beyond 
the reach of a pipe system of such a length as can be considered 
reasonable from the economical point of view. In such cases it will 
therefore be all the rnore important to retain and utilize in the best 
possible way the natural soil moisture. Thus, it is important that 
the spring-tillage is carried out in such a way that no more water 
is lost than necessary (Toestensson 1937, 1939, Eriksson 1938, 
and others). (^overing of the soil has also proved to be effective in 
retaining the soil moisture (Torstensson 1931). Likewise, it is 
very important that there is an ample supply of nutrients in the 
soil, sinee the need of water is closely eonnected with the amount 
of nutrients in the soil. Finally, the possibility should of course 
not be overlooked that in some cases it might be advantageous to 
grow other plant species than is now being done. For instance, on 
suitable soils red clover should be replaced with alfalfa, whieh is 
more resistent against drought than red clover, owing to its deeper 
root-system. 


Summary. 

The relationship between precipitation and the yield of a number 
of field crops in Sweden is studied. The investigations were carried 
out to determine for what crops and areas of Sweden irrigation could 
advantageously be used. 

After a brief discussion of the general relation between a growth 
factor and the crop yield there is a re view of the methods used in 
earlier investigations regarding the influence of precipitation on 
crop yield. These earlier methods were all based on a linear relation 
between the two factors. With the climatic conditions in Sweden 
such a viewpoint may lead to wrong interpretations. Because of 
this no one of the earlier methods was found to be satisfactory. 

The investigations were based on crop yields from the farms at 
nine farm schools located in different parts of the country. Cereals, 
potatoes, root crops, and clover and grass leys were studied. The 
period on which the investigations were based averaged about 40 
years. 

Preliminary investigations indicated that with fairly good approxi¬ 
mation the relationship between precipitation and yield can be de- 
8(‘.ribed with a parabola. In order to get more exact knowledge 
about the influence of precipitation on the yield during different 
parts of the growing season, it was divided into periods of one to 
two months. It was proved that in general there is a rather pro- 
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iiouneed correlation between preeipitatiori and temperature. On 
aecount of this the investigations included determination of the 
multiple relation between precipitation, temperature, and crop 
yield. For this determination the regression of erop yield upon tem¬ 
perature was considered linear, and that upon precipitation para- 
bolic. One-month-periods were used for the temperature and two- 
month-periods for the jirecipitation. The last arrangement was 
made in order to avoid too inany variates in the multiple regression 
equation. 

For the yield data as well as in certaiii cases also for the meteoro- 
logical data it w^as proved that a marked secular trend exists. (^or- 
rection was made for this, and the investigations were based on 
trend-free data. Tn all the cases these data were referred to the level 
of the year 1942. 

For spring-seeded orops the periods of investigation covered the 
months from May to August. Oonsequently, the whole growing sea- 
son or the main part of it was included. For the dover and grass 
leys preliminary studies were made for every month or two-month- 
period, starting at the time of spring seeding the preceding year 
and ending at the time for haying. Analogous studies were made for 
the fall-seeded crops. On the basis of the total regressions obtained 
in this way, those periods of precipitation and temperatun^ were 
selected which ought to be included in the multiple regression equa¬ 
tion for arriving at a reliable result. 

For the spring-seeded grains the precijntation during May and 
June proved to be the most essential factor. In several cases a highly 
significant net regression of the yield upon precipitation was obtained. 
As to barley, the most favourable precipitation was found to be about 
100—110 mm during these months. For oats it was about 100— 
120 mm during the same period. The precipitation during July 
and August seemed to have a marked influence on the yield only 
in a very few cases. 

The precipitation variations during May and June in most cases 
proved to be of little importance for the development of potatoes. 
For the months July and August rather uniform results were ob¬ 
tained. These indicated a rnore or less definite optimum at a certain 
precipitation. The optimum, however, proved to be close to the 
average precipitation for the different localities. 

As to the root crops there were found on the farms in South 
Sweden pronounced relations between precipitation during May and 
June and the yields. The precipitation variations during July and 
August appeared to be of little importance. On most of the other 
farms opposite results were obtained. Also for the root crops the 
calculated optimum precipitation proved to come close to the average 
precipitation. 

For the leys marked net regressions of yield upon precipitation 
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durin^ May and June were obtained (for the farms in Skåne from 
April 16 to June 15). The caleulated optimum precipitation on the 
farms in Middle Sweden was about 130—140 mm, which suggests 
an average deficit of about 50 to 60 mm. In the Southern parts of 
>Skåne the computed deficit was about the double of this amount. 
On the island of Gotland the average precipitation need to be doubled 
during May and June for an optimal production of grass and clovers. 

The fall-seeded grains seem to be less influenced by the variations 
in precipitation than the rest of the investigated crops. Therefore 
the use of irrigation on winter grains does not seem to mean an 
average increase worth mentioning. Instead, temperature conditions 
especially during the period from January to April have a marked 
influence on Ihese crops. 

The relationship between irrigation and precipitation was determ- 
ined. This means a determination of the amount of water that 
ii(‘eds to be added by sprinkling, in order to cause the same effect 
as a certain amount of precipitation. These determinations were 
based on irrigation experiments at the Institute of Agricultural 
Tiydrotechnics of the Jtoyal Agricultural College at Uppsala during 
the years 1941—1945. According to these experiments, the effect 
of irrigation seems to be 40—50 % of the effect from precipitation 
(cf table 30). Thus the leys, which showed the greatest need of 
water, will require on the average an irrigation of about 110 mm 
during May and June under conditions like those in Middle Sweden. 
F^urthermore, the average need of irrigation for barley will be about 
50 mm and the one for oats around 6Ö mm during the same period. 
In determining these average irrigation requirements, consideration 
was given to the fact that no irrigation is to be performed during 
such years when i)recipitation is optimal or superoptimal. In con- 
nection with these investigations the irrigation of farm lands in 
Sweden is discussed from the economical point of view. 

In the last chapter the results are discussed from different view- 
points. There is also a report on some investigations of amplifying 
nature. Thus the length of the periods of precipitation is discussed. 
T t is also discussed which is most eorrect to use: calendar months or 
periods determined by the development of the crop. It is proved in 
regard to the leys that the precipitation during the last thirty days 
before har vest has the greatest influence on the size of the yield. 
It is also proved that the caleulated optimum of precipitation is not 
constant. It is shifting with changes in temperature. In this con- 
nection there are examples of the existing eombined effect of pre- 
(dpitation and temperature, as judged from the material here pre¬ 
sented. 
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The acid>base condition in vegetation, litter 
and humus: X. Some properties and 
functions of phytin. 

By SANTE MATTSON and ELISAVETA KOUTLER-ANDERSSON. 

The present investigation has grown out of a study on the cookabil- 
ity of peas in which it was found that the cookability is related to 
the function of phytin (inositol hexaphosphoric acid) as a Ca- and 
Mg-precipitant-buffer (Mattson 1946), 

The presence of such precipitant-buffers in a base exchange 
system whose pH lies within the range of precipitation must exert 
a profound influence upon the State and behavior of the colloids. 
A change in pH will effect a change in the Ca and Mg ion concentra- 
tion in solution and this will effect a change in the eomposition of the 
exchangeable cations, on which the State of the colloid depends. 

The pH of most biological systems lies within the range of precipita¬ 
tion of Ca-phytinate (fig. 61). The presence of phytin will cause the 
cation exchanging colloids, such as the pectins and proteins, to ex¬ 
change divalent cations for monovalent when the pH is increased, 
and to exchange monovalent cations for divalent when the pH is 
lowered, in the first case increasing the charge, the solvation, the 
osmotic pressure, the viscosity and swelling of the colloids, in the 
second case red\icing these properties, The cookability of peas, 
which depends upon the solvation of the pectin of the middle lamella, 
thus depends on the pH. The baking quality of flour is probably 
also influenced by the ionic exchange. 

When phytin is hydrolyzed to inorganic phosphate the range of 
Ca precipitation is raised above the pH of many biological systems 
(fig. 62). The hydrolysis will then result in a highly Ca-saturated 
condition of the colloids. Peas soaked in water for several days be- 
come for this reason uncookable. The absorption of Ca and P from 
the alimentary canal depends to a great extent upon this hydrolysis. 

In the Work referred to it was found that when peas were treated 
with 8 % acetic acid to the extent of removing all the Ca and Mg 
ions, practically all of the organic phosphates, including phytin, 
remained in the peas. The content of organic P 2 O 5 in the H-saturated 
peas amounted to 594 mg per 100 grams peas while the Ca-, Mg-, K- 
and Na-saturated peas (prepared by treatment with the correspond- 
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Fig. 61. Titration curvos of systems containing 1/3 m.mol inositol-phosphoric acid 
(phytin) (= 2 m.mol inositol-bound PO 4 ) in an initial volume of 200 cc, with and 
without the addition of MgClg and CaC^. 



o t 2 3 *! s < 

M.b. NaOH 

Fig. 62. Titration curves of phosphoric acid imder the same conditions as in fig. 61. 
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ing clilorides), contained only 259, 145, 73 and 35 mg/100 g respect- 
ively. The only conelusion seemed to be that phytin is precipitated 
by the legumin of the peas on the acid side of the isoelectric point of 
the protein. This was later found to have been reported by Linden- 
BAUM (1926). 

To test this assumption legurnin and phytin were each dissolved 
in 8 % acetic acid. When these Solutions were mixed a voluminous, 
flocculent precipitate was formed which was insolublc in concentrated 
acetic acid but easely soluble with a slight excess of alkali. 

A larger quantity of the precipitate was prepared by adding an 
excess of the phytin solution to the solution of legumin and washing 
the precipitate on the filter. An analysis showed the compound to 
contain 14.32 % nitrogen and 6.67 % of phytin P2O5 (N; P = 10.4:1). 

Other proteins show the same reaction. A concentration of al¬ 
bumen ovi of one pro mille yields a rather heavy precipitate. Wlien 
a solution containing the albumin is floated on an acetic acid solution 
of phytin a ring is formed as in the Heller reaction. 

Table 60 shows how the phytin affects the isoelctric point and the 
coagulation of the albumin. The electrophoretic measurements were 
made with the ultramicroscopic cell described by Mattson (1928, 
1933). By the same type of cell Mattson (1932) found the isoelectric 
point of albumin to be at pH 4.95. Table 60 shows that when 5,10 
and 20 mg phytin P2O5 were added to 100 mg albumin in a volume 
of 100 cc the isoelectric point of the coagulate was lowered to 4.50, 
4.10 (by interpolation) and 3.53 respectively. Note also that the 
coagulation is extended far down on the acid side by the presence 
of phytin. The compounds are analogous to the protein humates 
prepared by Mattson (1932). 

Since the proteins precipitate phytin at low pH, i. e., on the acid 
side of their isoelectric point where the proteins are cationic, and 
since Ca precipitates phytin at high pH we ought to expect two 
solubility minima for phytin in biological systems containing these 
constituents. 

The solubility of phosphoric acid as a function of the pH has been 
studied in the case of the whole flour of wheat, rye, barley, oats and 
yellow peas. Portions of 1 gram flour were heated to boiling (to kill 
the phytase) for 10 minutes under a reflux in 50 cc solution contain¬ 
ing NaOH or HCl, the latter up to 2 %. The suspensions were shaken 
in the machine over night and filtered. The pH of the equilibirum 
solution was determined by the glass electrode, and an aliquot of the 
filtrate was analysed for inorganic and total phosphoric acid by the 
photoelectric method of Scheel (1936). The inorganic phosphoric 
acid was foimd to be fairly constant (mostly below 100 mg per 100 
grams) indicating little or no hydrolysis by 10 minutes boiling in 
Solutions up to 2 % HCl. Only the total phosphoric acid will be 
recorded. The results are shown graphically in fig. 63. 



The acid-baae condition in vegetation, litter and humus. X 293 


Table 60. Electrophoresia and coagulation at different pH of albumin 
phytinate. The migration vélocity is expressed in fi (micron = 
Omi mm) per second in a potential gradient of 1 volt per cm. 

A. 5 g albumen ovi 4 10 m. e. HCl in 1000 cc. 

H. 1.2077 g Na-phytinate (^500 mg P 2 O 5 ) in 600 cc. 

Solution A = 20 cc (^ 100 mg albumin). 

Total volume « 100 cc. 


cc N/10. 


Solution B. 


NaOH 

HCl 

5 

cc (- 5 mg P^Ofi) 

10 cc (10 mg PjOfi) 

20 cc (- 20 mg PgOg) 

pH 

coagula¬ 
tion 
af ter 

18 hours 

oloctro- 

phoresis 

p/sec. 

1 volt/cm 

pH 

coagula¬ 

tion 

after 

18 hours 

eloctro- 

phoresis 

p/sec. 

1 volt/cm 

pH 

coagula¬ 

tion 

after 

18 hours 

electro- 

phoresis 

p/sec. 

1 volt/cm 

2.0 


6.32 

0 








1.6 

— 

5.43 

xxxx^ 

-1.2 

6.05 

0 





1.2 

— 

4.50 

xxxx 

±0 

5.27 

xxxx^ 

-1.1 




.8 

— 

3.85 

xxxx 

+ .8 

4.50 

xxxx 

- .5 

5.55 

xx^ 


.4 

— 

3.40 

xxxx 

+ 1.5 




4.93 

xxxx 

- .9 

— 
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3,15 
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3.53 

xxxx 

+■ .7 

4.30 

xxxx 

- .5 
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.4 

2.03 

0 
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.8 




3.05 

xxxx 

-f 1.3 

3.53 

xxxx 

f 0 

___ 

1.6 




2.82 

xxxx 


3.10 

xxxx 

4* .4 

— 

2.4 




2.68 

xxxx 

4 1.6 

2.77 

xxxx 


— 

3.2 




2.55 

xxxx 






4.0 




2.50 

xxxx 

M.7 

2.54 

xxxx 

+ 1.0 
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6.0 







2.40 

xxxx 


— 

8.0 







2.25 

xxxx 
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lO.O 




2.10 
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2.17 

xxxx 


— 

15.0 







1.97 

xxxx 


— 

20.0 







1.87 

xxxx 


— 

30.0 







1.70 

X 



X beginning coagulation; xxxx == complete. 


Although filtration difficulties prevanted us from going above a 
pH of about 8.6 it is clear that the phosphoric acid solubility runs 
through two minima. The lower one of these minima, the one due 
to the precipitation of protein phytinate, lies at a pH around 2.6 
in the case of the four cereals, whereas the pea flonr, which is richer 
in protein and which therefore has a higher isoelectric point, has a 
minimum apparently a little below pH 4.0. The upper one of the 
two solubility minima, the one we assume to be due to the pre¬ 
cipitation of Ca-phytinate, lies within the alkaline range of pH, but 
the Tisible ^ect of the precipitation begins at about pH 6.6 in the 
four cereals and at 6.76 in the peas, or at the intervening solubility 
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Fig. 63. The solubility of phosphoric acid as a funetion of pH, in wholo flour of 
wheat, rye, oats, barley and yellow peas, including one sarnple of H-saturated 
(acetic acid treated) peas. 


maxima. These maxima represent the point at wliich the suppressing 
«ffect of the protein equals that of Ca. 

Included in the figure is a curve showing the solubility of the 
phosphoric acid in the above mentioned H-saturated peas. These 
peas contained no Ca and Mg and only 9 mg inorganic P 2 O 5 per 100 
grams. We note that the suppressing effect of the protein extends 
somewhat beyond, the neutral point, and that the effect of Ca is 
absent. 

It should be mentioned that the last point on the alkaline end of 
the oat flour curve, whieh sits relatively high, has been checked and 
found to be correct. This is contrary to what we should expect 
since oats are richest in Ca among the cereals. Oats differ also in 
other respects (see below). 

Fig. 64 shows the effect of adding CaClg and legumin to the wheat 
flour. 





Fig. 64. The solubility of phosphoric acid as a function of pH, in wheat flour (W) 
(same as in fig. 63), in legumin (L), in a mixture of 4 parts wheat flour -f 1 P»rt 
legumin (W -f L), and in wheat flour + CaClj (W + 


The legumin was prepared by digesting 600 grams pea flour in 
4 liters 0.02 n. KOH solution for two days in the ice box. The ex- 
traet was decanted and the legumin was precipitated with HCl at 
a pH about 4.6. The precipitate was washed, first with water and 
then with absolute aleohol and finally with ether. The legtunin was 
then electrodialyzed for two weeks. Despite this treatment the 
legumin was found to contain 949 mg HCl-soluble, organic P 2 OS. 
Of this, 683 mg was phytin PjO,. 

We note in fig. 64 that the addition of 1 m. e. CaCl, per gram flour, 
in a volume of 60 oc, leads to a very great suppression in the solubility 
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of phosphoric acid. Instead of the relatively high maximum at pH 
5.55 with the flour alone, we get a low maximum at pH 4.20 in the 
presence of the added Ca. At pH 7 the solubility has been reduced 
by Ca to one sixth of the original. 

With legumin the suppression goes the other way, i. e., the solubil¬ 
ity minimum is displaced from pH 2.5 to pH 4. and is deepened. 

The consequence of this will be that as the protein and the Ca 
content of the system is increased the maximum between the two 
solubility minima will tend to vanish, and the solubility of phytin 
will be greatly suppressed throughout the physiological range of 
reaction. 

This double fixation of phytin in a biological system containing 
phytin, protein and Ca ions has its conterpart in the soil where 
phosphoric acid combines with the Al- and Fe-hydrogels at low pH 
and with Ca ions at high pH, leaving a maximum in solubility in 
between (Gaardee 1930, Mattson and Karlsson 1938). 

Phytase activity. 

The question now arises, how does this precipitation of phytin by 
Ca and protein affect the hydrolysis of the phytin to inorganic 
phosphates by phytase? The rachitogenic action of Na-phytinate 
and of certain cereals such as oatmeal is held to be due to the pre¬ 
cipitation of Ca-phytinate in the alimentary (ianal (Harrison and 
Mellanby 1939, Pedersen 1940). Since the precipitation threshold 
of Ca-phytinate lies at a much lower pH than that of Ca-phosphate 
(fig. 61 and 62) it seems very likely that a high phytin content in the 
food, and its failure to hydrolyze, must inhibit the adsorption of 
both Ca and P from the intestines, as assumed by these authors. 

Fig. 65 shows the rate of hydrolysis of the HCl-soluble, organic 
phosphates in freshly prepared, whole flour of wheat, rye, barley, 
Oats, yellow peas, brown kidney beans and a 1:1 mixture of wheat 
and oat flour. 

The experiment was carried out as follows: 10 gram portions of 
the flour were placed in a series of fläsks together with 200 cc water 
and 2 cc toluol and left to stand at 20° C. for different lengths of 
time (up to 8 days, oats up to 16 days). The fermentation was 
terminated by the addition of 200 cc 4 % HCl and the fläsks were 
shaken in the machine over night, after which the suspensions were 
filtered. The inorganic and the total P 2 O 5 was determined by the 
photoelectric method, and the phytin P 2 O 5 by the method of Harris 
and Mosher (1934). The organic P 2 O 5 shown in the figures was 
obtained as the difference between the total and the inorganic P 2 O 6 . 

The method of Harris and Mosher is apparently not applicable 
to beans, because we found considerably more phytin PgOg than 
total P 2 O 5 . The bean phytin either precipitates more ferric ions than 
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Fig. 6(5. Phytaso acti\'ity in wheat flour aa a function of pH as measurt^d by tho 
production of inorgamc PgOg in 24 hours. 

A. with Na-oxalate, 

B. with CaCIa, 

C. with Na-oxalato -f- albumin. 


the cereal phytins, or elso tlie beans contain some factor which veils 
the iron, possibly in the form of a complex ion. 

Fig. 65 brings out the following relationships; 

1 . All of the HCl-solnble, organic PgOg in the cereals is in the 
form of phytin, i. e., is precipitated by ferric ions in 0.6 % HCl 
solution. In the peas only about 70 % of the organic phosphate 
appears as phytin. 

2 . The phytase is very active in wheat, rye and barley, moderately 
active in peas and beans, and least active in oats. 
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3. Mixed with wheat flour, the oat flour phytin is rapidly hydro- 
lyzed. This indicates that it is the lack of phytase and not the con¬ 
dition of the phytin which is responsible for the low activity in oats. 

4. A certain fraction of the organic phosphate appears to be in a 
inore stable condition in which it is only slowly hydrolyzed. The 
hydrolysis might also be inhibited through the aceumulation of 
inorganic phosphate (Adler 1916). 

In order to determine the effect of Ca and of protein on the activity 
of the phytase, 2 grams of wheat flour were placed in each of three 
series (A, B and C) of large test tubea. 

Series A reeeived 1 m. e. Na-oxalate. 

Series B received 1 m. e. CaClg. 

Series received 1 m. e. Na-oxalate f 0.5 g albumin ovi. 

The volume was made up to 20 cc with water containing NaOH or 
HCl to adjust the pH. Toluol, which was found to suppress the 
activity of phytase, was not added. After fermenting 24 hours, 
20 cc of 4 % HCl was added and the tubes were shaken in the machine 
over night. The inorganic P 2 O 5 determined in the filtrates is shown 
ill fig. 66 . 

In the oxalate series the phytase activity shows a maximum be- 
tween pH 5 and 6 . Aecording to Adler (1916) the optimum for 
phytase activity is at pH 5.4. The added albumin appears to have 
110 effect on the activity of the phytase. 

In the CaClg series there is a marked suppression of the phytase 
activity. This suppression by the Ca ions extends down to a pH of 
4.5 and corresponds to the suppression of the solubility of phytin in 
fig. 64. At the same time the Ca ions seem to increase the tolerance 
of phytase for H ions. 


Summary. 

The solubility of phytin in cereals and in peas and in all systems 
containing protein and Ca and Mg ions, passes through two minima. 

At low pH phytin is precipitated by the proteins and at high pH 
by Ca and Mg ions, The pH of the intervening maximum in solubility 
varies with the proportion of the two types of precipitants, but 
coincides in the cereals with the optimum for phytase activity (pH 
5—6). 

The hydrolysis of phytin by phytase is suppressed by the addition 
of Ca ions. The hydrolysis was not measurably suppressed by 
albumin. 

Albumin forms a series of phytinates whose isoelectric point is 
lower the higher the proportion of phytin. 

The phytin reaction for albumin is very sensitive. An acetic acid 
solution of phytin may be used in place of nitric acid in the Heller 
test for albumin. 
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Exudation from Excised Pea Roots as Influenced 
by Inorganic lons. 

By OÖRAN STENLID. 

[From the Institute of Plant Phyaiology.) 


1. Introduction. 

liootö and other plant organs when placed in Solutions of different 
kinds give off both organic. and inorganic substances to these Solu¬ 
tions. This phcnoinenon lias been called exosmosis, excretion or 
exudation. The last of these terms is definitely to be preferred. The 
term exosmosis is confined to a special meehanism, and excretion, 
011 the other hand, has by many authors been used in a more special 
seiise. Fbey-Wys8LIXG (1935, p. 2), for instance, suggests that ex- 
eretion should only be used when organic decomposition produets 
are given off. In this paper the more neutral term exudation will 
therefore be used. 

There are a great many papers dealing with exudation from plant 
roots but only a few of them give any quantitative data. A review 
of the literature on this subject, especially of the part dealing with 
the biological aspeets (mutual interaetion of different plants and 
exudation of acids dissolving minerals) will be found at Lobhwing 
(1937), Very small quantities of substances have often to be determ- 
ined, and the usual Chemical methods in many cases become too 
troublesorne or give too low sensitivity. For that reason special 
physico-chemical methods have often been applied. Such methods 
are, for instance, polarographic determination of the exudation 
(Prat 1933) and the use of radioactive isotopes. The fluorescence 
in ultra-violet light also may be used to show that an exudation 
takes place (Linsbauer 1926). 

A method that has been much used in quantitative studies of the 
exudation from different plant organs is the determination of the 
eleetrical conductance in the surrounding medium (Ostbehout 1912, 
Stiles & J0EGBNSEN 1914, 1915, and Ingold 1931). This method 
has many advantages; among other things it is rapid and only small 
quantities of the solution are needed. The chief objection to this 
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method is that the surrounding solution should from the beginning 
be free from dissociated substancos, or the absorption of these will 
cause complications. Furthermore, the conductance varies very 
much for different ions and it is difficult to compare Solutions if one 
does not know that the different ions enter into the Solutions in the 
same proportions. Finally, one cannot get any idea of the organic 
substances, which often have no or a very low conductivity. 

If coloured eells exude organic pigments this ean be used for 
quantitative measurements with colorimetric methods. Cells with 
these properties are, however, rare and therefore it is suitable to ex- 
tend the measurements of light absorption also to the ultra-violet 
region, where rnany substances show a strong and often specific 
absorption. In earlier measurements (Lundegåbdh, Burström & 
Eennerfelt 1932, Lundegärdii & Stenlid 1944 b) it was shown 
that wheat and pea roots give off ultra-violet absorbing substances 
and Lundegårdh & Stenlid (1944 b) also showed that in exudates 
from pea roots probably only nucleotide-like substances are respons- 
ible for the strong absorption. 

The present paper is restricted to the study of the influenee of 
external factors, especially that of inorganic salts, on the exudation 
from young pea roots. Later on, the author intends to compare the 
exudation from different plant species. 


2. Plant material and experimental methods. 

The exi)eriments were performed with roots of young pea seedlings, 
as pea roots are especially suitable. Peas are easy to cultivate in 
Petri dishes; they germinate well and give an equable material with 
substantial and steady roots. Exudates from excised pea roots (see 
Lundegårdh & Stenlid 1944 b) give absori)tion curves which are 
practically identical with that of yeast nueleic acid, and probably in 
this case only nucleotides are responsible for the absorption; a fact 
that is very advantageous, as mixed spectra are much more difficult 
to interpret. Nucleotides show a very high specific extinction be- 
tween 2 500 and 2 700 Å (see Heyroth & Loofbourow 1934), and 
it is possible to detect very small quantities by means of measure¬ 
ments in this region. In this way it is possible to follow the exuda¬ 
tion in detail, even during the first few hours. 

Theoretically the use of intact plants with their roots dipped in 
the Solutions is preferable. The advantage of working with excised 
roots is, however, so great that this method has been used. On 
making experiments with excised roots a rather large number of 
roots can be placed in a small volume of solution and it is also easier 
to obtain comparable root quantities in the different Solutions. 
When working with intact plants the experiments must be continued 
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for sucli a long time that the growth of the roots cannot be neglected. 
The growth is much faster in some Solutions, and the results from 
(iifferent Solutions will not be quite comparable. Further, it is much 
easier to keep the solution free from infection with excised roots, as 
the duration of the experiments is much shorter. Of course, one 
must be very cautious in transferring the results found for excised 
roots to intact roots. It is also possible that different conditions 
prevail in old roots and in the young ones used in this investigation, 
especially as nothing can be said of the special röle of root hairs in 
exudation. In other papers reporting quantitative data on exudation 
from plant organs (see Sttles & J0BGENSEN 1915, Iljin 1927 and 
iNGOLD 1931), mainly storage tissues have been used. As in studies 
of ion absorption, however (see Lundegårdh 1940, p. 310 and ff.), 
it is better to use organs which normally have an active metabolism. 

The pea variety used was “Svalövs gula torsdagsärt’\ Af ter 
sterilization in dilute formalin and sublimate solution the peas were 
soaked for six hours in distilled water and then transferred to large 
Petri dishes coated with moist filter-paper. These were then placed 
for about 65 hours in the dark at 25° 0. Only roots 3—5 cm in length 
wer(* used (generally about 90 out of a total of 110—120 in each 
(lish). A t the beginning of the experiments the roots were cut down, 
by means of a Sharp pair of scissors, in to 100 ml fläsks with water. 
Hefore adding the experimental Solutions (50—60 ml per flask) the 
roots were washed twice with distilled water. For one experiment 
8 —9 dishes were used and the roots were distributed to 8—10 fläsks, 
i. e. each flask contained 90—100 roots. To eliminate possible dif- 
ferences between the dishes the roots from one special dish were 
distributed to all the fläsks. The fläsks were kept in a dark tem- 
I)erature-controlled chamber and samples were taken with a pipette 
at suitable intervals. Unless otherwise stated, the Solutions stood 
open to the air and wt^re shaken now and then. The samples were 
filtered and kept in a refrigerator when they were not immediately 
nieasured. 

The acidity was measured by means of a glass electrode. Unless 
otherwise stated, pH was between 5.5 and 7.0, in which pH region 
the exudation is only very slightly influenced by changes in the 
acidity. 

For the determination of light absorption two different methods 
were used: 1) a photographic method described in an earlier paper 
(Ltjndegärdh & Stenlid 1944 a); 2) direct determination with a 
photocell and a rotating sector. With the photographic method it 
was found that the absorption spectra in the different Solutions 
coincided qualitatively. This being the case, the light extinction 
ineasurements were later on restricted to one narrow wave length 
region (the Hg lineS between 2 650 and 2 665 Å) near the naaximum 
of the absorption curve (c/. Lundegäudh & Stenlid 1944 b). The 
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was not quite pure, but if a littlc li^ht from another wave 
length (absorbed weaker than 2 650 Å) is added, this only means that 
the differenoes between the Solutions will appear less than they really 
are. 

The liglit intensity was measured with a sodiurn photocell in quartz 
with an anode voltage of 120 V, and the photo-current was estimated 
with a string electrometer (Einfaden — Elektrometer naeh Wulf). 
From the electrometer the eurrent was led to earth over a resistance 
of 10^® ohms. All eonneetions in the apparatus were screened and 
earthed. The pure solvent and the test solution (in Schetbe cuvettes) 
were alternately brou^ht into the light bearn by means of a cuvette 
exchanger. A rotating sector was regulated so that the electrometer 
gave the same deflecdion for both Solutions. The extinction (E ~ 
^®log Ifl/T) of the solution was calculated from the width of the open- 
ings of the sector. 

The experimental results are mostly given in curves with the ex¬ 
tinction of the solution taken as ordinates and the time as abscissat». 
As the volume is changed through the removal of samples, a cor- 
rection thereiore has been made. Only salt Solutions without con- 
siderable absorption in ultra-violet ha ve been used. As the absorp- 
tion of the nitrate ion cannot be neglected at high concentrations, 
chlorides have been used for comparing different cations. As the 
plant material and the other experimental conditions are not quite 
constant from one day to another, only the values from one spedal 
experiment should be cornpared with one another. Curves from dif¬ 
ferent experiments have therefore never been drawn in the same 
figure or given in the same table. As a rule every curve is the mean 
of at least three determinations on samples from different fläsks. 

3. The influence of different cations on the exudation. 

It is well known that potassium and other alkali metals inerease 
the permeability and liquefy the plasm of living cells, whereas calcium 
deereases the permeability and condenses the plasm. It is therefore 
important to study the influence of these ions on exudation. 


Fig. 1. Exudation from oxeised poa roots measured as tho absorption of ultra- 
violet light (2 650 A) of the surrounding medium. E == extinction in a 0.5 em 
thick layer. Each curve is the mean of throo parallels. 1/2 000 M CaCl^, 1/2 000 M 
MnClj, and distilled water were used. 

Fig. 2. The same as fig. 1, but 1/200 M Solutions were used instead of 1/2 000 M. 
Fig. 3. Exudation in CaClg sohitions during two consecutive time periods. The 
extinction in distilled water is given the value 1.0, and the other extinetions are 
calculated in parts of this value. On the abscissa the molarity of the CaClj Solu¬ 
tions (the abscissa ought to be broken betweon the origin and the point 1/4 000). 
For further explanations see fig. 1. 

Fig. 4. Exudation in tap water, distilled water. and rodistilled water. For further 

explanations see fig. 1. 
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Experiments were performed witli KCl and OaClg in different con- 
centrations, and also with mixtures of the two salts. The exudation 
was also determined in distilled water and in Solutions of other 
chlorides. 

From an examination of figures 1 and 2 it is obvious that the 
exudation is weaker in OaClg Solutions than in pure water. Further, 
it may be pointed out that the effect of ealcium is not ohanged in 
course of time, t.c. the quotient Eca/EujO is approximately eonstant 
during the whole experiment (see fig. 3). That the effect of calcium 
in fig. 3 is somewhat less after 75 min. is accidental and in other 
series the result is the reverse. 

Already minute quantities of (ialcium influence the exudation 
distinctly. Still in a M/16 000 ealcium <djloride solution the influence 
is quite obvious (c*. 20 % depression compared with distilled water). 
As the volume of the solution in this experiment was 60 ml and the 
number of roots 75, this irnplies that the calcium quantity available 
per root was only 2 y. To be sure that no traces of calcium in the 
distilled water disturb the results, the exudation in tap water, distil¬ 
led water and redistilled water was compared (fig. 4). Distilled and 
redistilled water give identical curves, whereas, in the tap water the 
exudation was strongly depressed owing to its high calcium content 
(c. 100 mg OaO/1.). 

The results with pure potassium (diloride Solutions are of quite 
another typc (figs. 5—6). A comparison with distilled water shows 
that, in the beginning, potassium chloride also depresses the exuda¬ 
tion (although not to the same extent as calcium), but this effect de- 
creases in course of time and gradually the exudation grows stronger 
than in distilled water (see fig. 5, where the quotient A Eaq/A Ekci 
during the first three hours is 1.3, during the following three 
hours 0.6). As distinguished from the influence of calcium the effect 
of potassium is great only in rather concentrated Solutions, although 
a weak, but obvious, effect is noticed also in 0.001 M Solutions. If 
the “time factor” in the effect of KCl is assumed to depend upon the 
fact that the exudation conditions are changed as the salt enters 
into the root, factors furthering absorption ought to diminish the 
time of retarded exudation. In harmony with this an extra supply 
of oxygen shortens the time of depressed exudation in KCl (fig. 5). 

On the other hand, the time during which the retardation lasts 
is increased if experiments are performed at 5° C instead of 25° C, 
owing to the lower absorption rate at the lower temperature. 

Similar concentration and time series were performed also with 
NaCl, LiCl, and MgClg. NaCl and LiCl gave the same result as KCl, 
while MgClg had an effect intermediate between that of CaClg and 
the alkali chlorides. 

A determination of the exudation in mixtures of KCl and CaClg 
with eonstant total equivalent concentration of KCl + CaCl 2 / 2 , 
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Fig. 5. The effeet of aeration on exudation in distilled water and 1/60 M KCl. 
For further explanations see fig. 1. 

Fig. 6. Exudation in KCl during three different time periods. On the abscissa 
the molarity of the KCl Solutions. For further explanations see fig. 3. 


showed that only small quantities of Oa were needed to reduce 
the exudation strongly (fig. 7). A great excess of potassium in a 
solution of CaClj scarcely influences the exudation (see Table 1), 
which is also evident from the fact that figs. 3 and 7 give almost 
eoincident curves, 

Obviously the calcium concentration, in the first place, determines 
the exudation in experiments similar to that in fig. 7. In experiments 
with more diluted Solutions the curve will bend off at a higher 
percentage of calcium. 

The strong exudation in distilled water and in pure Solutions of 
alkali chlorides may, at least in part, be due to a calcium shortage 
(experiments with mixtures of Ca—Na and Ca—Li gave similar 
results to Ca—K). The roots, however, contain some calcium 
absorbed from the seed and if this is precipitated the exudation 
ought to increase still more. In some experiments, therefore, two 
calcium-precipitating substances, sodium fluoride and sodium oxalate, 
were added (figs. 8—^9). With both salts, as a matter of fact, increased 
exudation was obtained, which is particularly evident if the effect 
is compared not with that of distilled water but with that of NaCl 
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Fig. 7. Exudation in different mixtures of C»Cl 2 and KCl duriiig 3 hours. Total 
concentration of the cations 0.01 equiv./l. For fiirther oxplanations see fig. 1. 


of corresponding eoncentration. These experiments support tlie 
view that the poisonous effeet of fluorides and oxalates, at least 
in part, is due to their ealeiuin-precipitating property and the 
disturbed permeability conneeted with it. As F ions have a pro- 
found effeet on respiration and carbohydrate metabolism (for litera- 
tiire see Borei 1945), it is very difficult to say how F ions interfere 
with exudation. Experiments with radioactive isotopes by Malm 
(1945) have shown an inereased exudation of K from yeast after the 
addition of sodium fluoride. 

Barium and strontium have the same influence as calcium on the 
exudation, and in these experiments of short duration no differenee 
could be noticed between the effeet of the three metals. Aeeepting 
the view that the effeet of ealeium is due to a ehemieal preeipitation, 
it is also probable that the ehemieally elosely related Sr and Ba will 
give a similar effeet. Poisonous effeets from these ions are apparently 
not detectable within the short experimental period used, or they 
do not manifest themselves in inereased permeability. Growth ex¬ 
periments could possibly give evidence on this point. Eiselsberg 
(1939), who among others made experiments with the depoisoning 
effeet of calcium on Spirogyra cultivated in pure Solutions of dif- 
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Table 1. Exudation from exeised pea roots in CaCl^ with 
and without KCl. 


Tlie values give the extinction in a 2 cm thick layer of the solution as 
measiired at 2 650 A. The values are the mean of three determinations 
from different fläsks. 


Solution 

Time 

70 min. 

165 min. 

360 min. 


O.ooi M CaCI, 

0.34 

0.46 

0.64 

O.ool M C8nj\ 
-OolMKClf 

0.35 

0.48 

0.65 


£ 



Fig. 8. Fig. 9. 

Fig. 8. The effect of 1/100 M NaF on exudation. For further explanations see 

fig. 1. 

Fig. 9. The same as fig. 8, but 1/200 M Na 8 C 204 instead of NaF. 
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2 in rnixtures of Mii and K) has not been obtained. Possibly the 
results would be different in experiments of lon^er duration. 

No ^^eneral statement ean be made as to the effects of different 
salts in pure Solutions, as the results may differ with the eoneentra- 
tion and the duration of the experiments. In Table 3 the results of 
some experiments with 0.01 N chloridc Solutions are given. 

Table 3. Exudation jrom exciaed pea rooU in different chloridea, 

O.oi N chlorides were used. The values give the extinetion of tho Solutions 
af ter 4 hours as measured in a 0.6 cm thick layer at 2650 Å. Only the 
values on the same horizontal lirie are coniparable. 



Li 

Na 

K 

Rb 

Cs 

Mg i 

(^a 

Exp. 69 

' 0.47 i 

0 34 ' 

0.40 ; 

i 


0 26 


» 70 

0.65 ' 

0.4U 

0 54 ' 

0 41) j 

0.46 



» 72 

i 0 65 

0.3S 

0.41 

0.33 ; 

0 33 




In this case the effect of sodium is not intermediate between that 
of potassium and lithium {ef, IjUNDegårbit, Burktröm Benner- 
FELT 1932), but for the rest, the order of the elements is the same as 
that of the series generally obtained in colloid chernistry. 

A comparison with the results obtained through the conduetance 
method shows good agreement in the case of ealcium salts, while 
divergences often occur for other salts. Brooks (1916) in his ex¬ 
periments used excised pieees of dandelion peduncles. They were 
treated with differcuit salt Solutions, then transferred to water, and 
the increase in conduetance of this water was measured. This was 
greatest for peduncles pretreated with NaCl, less after pretreatment 
with distilled water and least after pretreatment with ('aClg. No 
initial inhibition of the exudation after pretreatment with NaPl was 
observed in Brooks’ experiments. This deviation from the results 
of the present study can be due to differences in the plant material. 
Another possibility is that the initial inhibition in Brooks’ experi¬ 
ments had already disappeared when the determinations were made. 
If, in fig. 5, the measurements had not begun until after three hours, 
no depression would have been observed and the agreement with 
the experiments of Brooks would have been complete. 

INGOLD (1931) and Asprey (1933) report similar results to Brooks, 
and Asprey States inL al. that the exudation is strongest in lithium 
salts, which agrees with the results in Table 3. 

In the investigations mentioned above, rnostly strong, often 
hypertonic Solutions (0.04—0.2 M) were used, and the determina¬ 
tions were disturbed by an exudation of the salts used in the pretreat¬ 
ment. Besides, in most cases, tissues quite different from roots were 
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used, and therefore it is difficult to compare the results with tliose 
in this paper. 

There are also data suggestinf? that alkali chlorides, especially 
in conoentrated Solutions, depress the exudation (Wächteb 1905, 
iLJTN 1928). According to Iljin the exudation of potassium is 
depressed in 0.02—0.2 M NaCl, while, on the other hand, it is in- 
creased in a highly hypertonic (0.5 M) NaOl. 

Of the usual chlorides, CaClg has the most marked effect. The 
literature dealing with the effect of calcium on the structure of the 
protox)la8m and the permeability is very comprehensive (see, for 
instan(‘e, Hetlrrunn 1943). In summarizing it may be said that 
its action j)robably consists in the precipitation of some organic 
substaiice, through which the permeability is reduced (see Höber 
1915, p. 306 and Danielli & 1) avson 1935). In mixtures of potas¬ 
sium and calcium, according to this view, calcium has a specific effect 
and should not, in the first place, a(*t by neutralizing the poisonous 
effect of pure potassium Solutions. The deleterious effect of pure 
potassium Solutions should to a large extent be due to a shortage of 
calcium. This (jonception is supported by the results of the present 
investigation which, however, are entirely founded on estimations 
of the exuded quantities of nucleotides, and it is by no means sure 
that the exudation of other substances is influenced in the same way. 
it is quite possible that the action of calcium, at least in part, is 
made up of a precipitation of the nucleotides and that the exudation 
of substances not x)recipitated by calcium, is differently affected. 
An estimation of, for instance, the exudation of reducing sugars from 
wheat roots and simultaneous determination of the extinction in 
the solution might possibly contribute to answering this question. 
Besides, it is possible that the exuded nucleotides are high molecular 
and permeate slowly, and that they come from the protoplasmic* 
surface. In that case the nucleotides might contribute to the regula- 
tion of the permeability of other substances. 

The effect of the monovalent alkali rnetals is more difficult to 
explain. The ions affect the osmotic relations between the solution 
and the root, the charges at the root surface, and the hydration of 
the colloids in the root, and all these factors may, in their turn, 
affect the exudation. The depressing effect of monovalent cations 
gradually disappears, as already mentioned, which must be considered 
to be connected with the entrance of the ions into the root. This 
view is supported by the fact that the decrease in exudation is of 
shorter duration if the solution is aerated with oxygen, in which 
case the ions are absorbed faster (see fig. 5). The surface of the root 
has a negative electrical charge and this charge is lowered by cations 
in the surrounding medium (Lundegårdh 1938, 1940). If the 
exuded substances are anionic (which is quite probable in the case 
of nucleotides), they will be more easily pushed away from the root 
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surfaee the more negative it is, and retained to a higher degree the 
more it is diseharged. The ions being transported into the root, the 
surplus of cations in the surrounding medium is lowered, the negative 
charge is restored and the exudation ine.reases. ()smoti(j phenomena 
may also contribute, although the action always noticed in dilute 
Solutions (0.001 M) ean scareely be of osmotic nature. Nor do non- 
electrolytes (as sugars) have the same action. The problem is very 
intricate, and there is no doubt that aiterations in the hydration, 
when the ions en ter the root, also affect the exudation. As the dif- 
ferent action of the various salts is due to so many different factors 
(int. al, pH, the rate of migration, adsorption, dehydrating effect, 
and relative size of cation and anion), an interpretation of the rather 
small differenties between the various alkali chlorides is a very 
delicate task. 

Anions also affect the exudation, and especially dislinet effeets 
are to be expeeted with 8CN and J", whi(*h have also proved to 
affect the swelling of colloids as cellulose {cf. Frey-Wyssling 
1935, p. 112). Tndeed, in experiments with an exudation 

stronger than that in distilled water was obtained (Table 4). 

Table 4. Injluence of NH^SCN on exudation, 

The values give the extinetion in a 0.5 cm thiek layer as moasured at 2 650 Å. 
The values are the mean of throo (ieterminations from different fläsks. 


Solution ! 

40 min. 

1 205 min. 

' 325 mm. 

Dist. water j 

0.17 , 

0 30 

0.05 

0.001 M NH 4 SCN 

0 17 

0 40 

0.76 

0 01 M NH 4 SCN 1 

0 24 

0.50 

i 1 02 


Tn suinrning up, it may be said that the cations affect the exiula- 
tion in two ways: 

1 . An immediate action, which is probably located to the root 
surfaee or to the superficial layers, and whicli always results in a 
deereased exudation. 

2 . A delayed action, which is probably conneeted with the absorp- 
tion of ions. For monovalent cations it results in inereased exudation, 
and for polyvalent cations in deereased. 

In the case of polyvalent cations the immediate and the delayed 
action co-operate, while in the case of monovalent ions the two ef- 
feets counteraet each other. This might explain the time faetor in 
the effect of monovalent ions. The hydrogen ion has a specific 
action and cannot be treated with the other cations. 

It would be interesting to ascertain whether the nucleotides 
exuded are found in a dissociated or undissociated form, that is, to 
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(ietermine the dissociation constants of the nucleotides. Experiments 
have been made with potentiometric titrations and calculation of 
tlie buffer index, but on account of the very diluted Solutions and 
the disturbing action from other substances no certain conclusions 
could be drawn. Further experiments on these lines will, however, 
be made. 


4. The relations between respiration and exudation. 

In order to find out if there are any relations between the exuda¬ 
tion process and the respiration, experiments wero made, in which 
the effects of sorne factors well known to influen(*,e the respiration 
were studied. 

Addition of (*yanide inereases the exudation, whereas an extra 
supply of (>2 depresses it (figs. 12—13,5, and 14). In the experiments 
with eyanide in figs. 12—13 the general salt effect during the first 
hours is evident, and the rate of exudation does not exceed that in 
dist illed water un til one or two hours have passed. It is quite na¬ 
tural that the effect of oxygen on exudation inereases with time, as 
the shortage of oxygen also inereases. At low pH values (pH 4.0— 
4.5, acetate buffers, fig. 15) an extra Og sux)ply has no effect, which is 
probably due to the destruetion of the respiratory mechanism. 
Addition of glucose in subneutral Solutions had no effect on exuda¬ 
tion. Probably the sugar content of the roots is sufficient for respira¬ 
tion during 4—6 hours. 

Anion respiration being inhibited by eyanide (see Ltjndegårdh 
1940), one might imagine that, owing to decreased anion exchange, 
exudation would de(;rease too. On the other hand, it inay be supposed 
that the anion respiration not only promotes the intake of new 
anions, but also prevents exudation of the accumulated ions. This 
latter faetor would (jounteraet the “exchange faetor’’. It is, however, 
probable that all inhibitions of respiration oause an inereased exuda¬ 
tion, and that the explanation is not to be sought for in effects on the 
special anion respiration. 

As the effect of eyanide is shared by many other poisons, it is by 
no means proof of an attack via the anion respiration. Mereury, for 
instance, causes a very strong exudation (fig. 16), which agrees well 
with its properties as a plasmatic poison with a rapid effect. The 
effect of fluoride ions may also be mentioned here (see page 307). In 
experiments with sodium chlorate, on the other hand, no effect 
diverging from that of sodium chloride was noticed even in 0.01 M 
Solutions. Obviously, the poisonous effect of sodium chlorate is 
different from that of the other poisons tried. 

Most experiments were performed at 25° C. Some experiments 
were made also at 5° C (one of them is shown in fig. 18). The exuda- 
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Fig. 15. The effect of aeration on exudation in acetate buffers. The pH values 
give the pH of the Solutions at the beginning and the end of the experiment. 
For further explanations see fig. 1. 

Fig. 16. The effect of 1/3 000 M and 1/10 000 M HgCla on exudation. For further 
explanations see fig. 1. 

tion is mncli weaker at 5° C than at 25® C, the quotient Eggo/Ego 
being 2—3. The general course of the curves is, however, the same, 
and the 5® curve may be looked npon as a 25° curve extended along 
the abscissa. The lower respiration rate at 5° C might be thought 
to cause an increased exudation in agreement with the experiments 
mentioned above. But if the exudation process is also directly cor- 
related with temperature, this direct temperature effect may conceal 
the possible indirect effect of decreased respiration. 

Fig. 11. Exudation in different mixtures of NaCl—LiCl during 3 hours. Total 
salt concentration 0.01 M. For further explanations see fig. 1. 

Fig. 12. The effect of 1/100 M KCN on exudation. The pH value adjusted to 
c. 6 by means of HCl. For further explanations see fig. 1. 

Fig. 13. The effect of 1/1 100 M KCN on exudation in phosphate buffers. The 
pH values give the pH of the Solutions at the beginning and the end of the experi¬ 
ment. For further explanations see fig. 1. 

Fig. 14. The same as fig. 5, but 1/100 M LiCl instead of 1/60 M KCl. 

21—46590 LanilmkBhögskiihnB Ånnakr, Vol. 14 


¥ hour^ 




Fig. 18. Exudation in 1/60 M LiCl, 1/200 M CaClj, and distilled water. Tempera 
ture 5^ C. For further explanations see fig, 1. 
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5. The influence of H ions on exudation. 

The exudation varies with the pH of tho surrounding solution. 
In the exi)erinients already mentioned, pH was between 5.5 and 7.0, 
Avhere the variation is slight. Beneath pH 5.5, however, exudation 
rises with decreasing pH. The extinction of nueleotide Solutions 
also varies with pH (see Heyroth & Loofboiirow 1934), but in 
the ease of i)ea exudates this variation may be neglected in the pH 
rtgion (joncerned in this investigation. 

The exudation in 0.001 M 11(^1 and in phosphate and acetate 
buffers of different pH is shown in figs. 19—22. In other buffer 
niixtures also (for exainple phosphate-citrate) the same effeet is 
obt ained, and it is not probable that it is due to the speeific* action 
of the undissoeiated aeid. Tt (*an, of eoiirse, never be avoided that 
the eoneentration of undissoeiated acid is ehanged with pH. In 
figs. 19—22 it is seen that tlie exudation is rapidly inereased with 
deereasing pll, and besides, that in unbuffered 0.001 M HCl the 
buffering effeet of the roots very soon makes the pH rise to over 5, 
whereby the exudation is lowered to the same level as in distilled 
water. In experinunits witli tlie condudivity method (scc Stiles & 
JÖR(iEissEN 1915) 110 agreement between exudation and eonduetivity 
(*ould be obtained in a(*id Solutions. Owing to the great speeifie 
eonduetivity of the hydrogen ion the eonduetivity of the solution 
was lowHU’ed as jiII was rising, although at the same time a strong 
(»xudation took plaee. 

It has often been observed that rnetallie ions, espeeially Ca ions, 
ean eounteraet the de](‘terious effeet of H ions. Brenner (1920) 
showed this in the ease of cells from red eabbage, and later on the 
sam(‘ observation was made on inany other plants. Brenner ob¬ 
served that ealeium abo ve all, but also magnesium and potassium, 
lowered the pH value, lethal to the eells. In CaClg i HCl, for 
example, the eells eiidured a H ion eoneentration that was six times 
as large as in pure HCl, that is, a pH value about 0.8 units lower. 
The eoneentrations of neutral salts were, however, relatively strong 
(0.3—0.4 M). 

In experiments where Ca ions were added to HCl and to aeetate 
buffers a distinet depression of the exudation was obtained (figs. 
20, 21). From the figures it is obvious that a Ca eoneentration of 
0.002—0.01 mol./l. during the first hours equals a rise in the pH 
value of about one unit. This is not due to a high€‘T pH value in the 
solution after the addition of ealeium. On the eontrary, the pH 
value is always higher for the parallels devoid of ealeium owing to 
the weaker exudation after the addition of (*alcium. The real effeet 
of ealeium is therefore still greater than the one obtained on examin- 
ing the eurves. Sr and Mg have about the same effeet as Ca, although 
somewhat w^eaker, espeeially Mg. 
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Alkali chlorides in low concentrations in acid Solutions have no 
effect upon exudation, while, for example, strong (0.1 M) NaCl 
Solutions depress exudation. There does not seem to be any dif- 
ference between the different alkali metals. It is obvious that in 
acid Solutions only strong alkali chloride Solutions have any effect 
on exudation. 

At low pH values aluminium has an effect similar to that of 
calcium (Table 5). A comparison between the salts in neutral Solu¬ 
tions is impossible, owing to the hydrolysis of the Al salts and the 
low solubility product of Al(OH) 3 . Thus it is possible that aluminium 
in acid soils (where it is present as Al^^) in this respect mighthavea 
protecting effect on the plants, although the deleterious effect of 
acid soils is partly due to aluminium poisoning. (See Mevius 1934). 

Table 5. A comparison between the exudation in acetate buffer with 

and without AlGl^. 

The values give the extinction of the Solutions as measured in a 0.5 cm 
thick layer at 2 650 A. 0.025 M acetate buffer, O.ooi mol. AlClj/l. All values 
are the mean of three determinations from different fläsks. 



! 

0 min. 

30 min. 

135 min. 

325 min. 

Acetate buffer 

( pH ; 
l E 1 

4.3 

0.23 

0 58 

5.1 

0.79 

Acetate buffer 

/ pH ; 

4.2 



4.4 

+ AICI 3 

\ E 


0.11 

0.28 

0.47 


There seem to be no great differences as regards the effects of 
cations in Solutions of different pH. Polyvalent cations (as calcium) 
thus depress the exudation distinctly in neutral as well as in acid 
Solutions. Monovalent ions in neutral Solutions have an effect also 
in dilute Solutions, whereas in acid media (pH c. 4) only hypertonic 
Solutions have any effect. A difference is that in acid Solutions the 
effect of calcium becomes somewhat less in course of time, which 
is not the case in neutral Solutions. As a strongly increased exudation 
must be considered as a criterion of poisonous effects on and destruc- 


Fig. 19. Exudation in 1/160 M phosphate buffors. The pH values give the pH of 
th© buffers at the beginning and the end of the experiment. Each eurve is the 
mean of two parallels. For further explanations see fig. 1. 

Fig. 20 . The same as fig. 19, but acetate buffers instead of phosphate buffers. 

Fig. 21 . Exudation in 0.001 M HCl with and without addition of CaCl,. The pH 
values give the pH of the Solutions at the points indicated by the circles. For 
further explanations see fig. 1 . 

Fig. 22. Exudation in acetate buffers. NaCl and CaCl* added to some of the 
Solutions. The pH values give the pH of the Solutions at the beginning and the 
end of the experiment. Each curve is the mean of two parallels. For further 

explanations see fig. 1 . 
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tion of the* protoplasiii, ealcium has a proteetiii^j effoct. Tliis effert 
is especially acceiitiiated in neutral Solutions (the quotient Eaq/Eca is 
there 1.5—2.0), but remains also at lower pll vallies, althoufth the 
quotient is less. The protecting effect of ealeiurn is not an increase 
of the pH value of the solution surroundin^ the root. A possible 
explanation, espeeially with regard to the deereasin^ effect in eourse 
of tiine, would be that caleiuni retards the absorption of the 11 ions. 
Another possible explanation is that the (*uleium salts of the exuded 
substanees are slightly soluble (which explains the low exudation 
in neutral Solutions eontaining Ca) and inore resistent to H ions than 
the salts of monovalent eations (which aceounts for moderate con- 
centrations of monovalent (iations having no influen(*e ori exudation 
in acid Solutions), The transport outwards of the exuded substanees 
also ought to be retarded as well as the absorption of IT ions. To 
what extent these different faetors eontribut(‘ to the redueed exuda¬ 
tion is impossible to decide. 

Obviously, excised pea roots are very sensitive even to moderate 
increases in aeidity, whieh accords well with the fact that peas require 
a relatively high pH value. It is possible that, by eomparing the 
exudation of different plant roots, a (*orrelation eould be found 
between the pH sensitivity of exudation and the occurenee on 
soils of different aeidity, and further experiments are to be made 
on this question. 


Summary. 

1. The exudation (exosmosis) from excised pea roots in different 
Solutions has been studied by means of determining the extinetion 
of the surrounding medium in ultra-violet light. The determinations 
were made at c. 2 650 Å, and probably a nueleotide is responsible 
for the extinetion. 

2. The effecit of eations (poisonous ions excepted) may be divided 
into two different effeets: 

a) An effeet during the first hours, depressing the exudation. 
This effect is coinmon to both poly- and monovalent eations. 

b) An effect, obvious some hours later. Polyvalent eations 
dopress exudation also in this phase, whereas monovalent ones in¬ 
crease it. 

Different inorganic poisons are shown to increase the exudation. 

4. Inhibition of the respiration, too, increases the exudation. 

5. At low pH value a strong increase of exudation takes place. 
Polyvalent eations (as Ca) eounteraet this H ion effeet. 

I am indepted to Professor H. Lundegårdh for his great interest 
in this work and for placing apparatus of his institute at my 
disposal. For financial support, I am obliged to Statens Tekniska 
Forskningsråd. 
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Fat and Calcium Metabolism V. 

The Influence of Butter and Margarine upon the Ca and 
P Metabolism of Growing Rats. 

By A. WESTERLUND. 

From the Inatitute of Animal Phyaiohgy, 

Several Communications by the present author have tried to show 
that the food fats must be regarded as prominent controllers of the 
calcium metabolism in full-grown rats. In the latest paper of this 
series (Westerltjnd 1942) I tried to present experimental evidence 
for the opinion that margarine and butter exercise a different influence 
in this respect, in so far that full-grown rats can be kept in a fairly 
constant calcium equilibrium on a smaller supply of calcium in 
the food, if the dietary fat is butter than if it is margarine, and 
supposing that the fat level in the food exceeds 30 kcal per 100. 

The present investigation deals again with margarine and butter, 
and may be regarded as a continuation of the afore-mentioned one, 
using growing rats instead of full-grown ones, and extending itself 
to include certain additional life phenomena other than the calcium 
metabolism. 

In planning the present investigation it was originally thought, 
that one single litter should suffice to solve the problem, provided 
that the litter included at least 6 individuals of the same sex. Three 
of these animals, then, should receive margarine and three butter. 
Such a litter with 6 females (No. 98) was réady for use in February. 
However, the preliminary numerical treatment of the experimental 
data made it desirable to repeat the experiment with a second litter 
of the same qualifications. Owing to the seasonal fluctuation in 
fertility and the somewhat unusual sex distribution required, a 
new litter with 6 females (No. 102) was ready for use in April of the 
same year. At the beginning of the two experiments, Litter 98 
was 37 days old and Litter 102 was 42 days. In spite of this mode¬ 
rate inequality in age, the initial mean body weight of Litter 102 
was about 17 g greater than Litter 98. The originally Ughter litter 
grew somewhat faster than the heavier one, but the difference in 
the mean growth rate cannot be considered significantly greater 
than zero from a statistical point of view. 
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Owin^? io the nature of the problem to be solved, two food mix- 
tures were prepared for eacli litter, one containin^ margarine, the 
other butter. This preparation was performed in exactly the same 
way as in the experiment of 1942. albumin was used as the 

sin^^le sour('e of protein; it was prepared from frozen hen eg^? white 
by alcoholic* preeipitation. The margarine was of the brand »Vera»; 
the butter was »Crown Butter». Immediately after the pureliase, 
the fat pieces were pa(*ked hermetieally into (iellophane and kept 
in a refrigerator at + 4° C. — Otherwise, the general treatrnent 
of the animals and the administration of food, ineluding the eod 
liver oil, were the same as in the 1942 experiment. 

Regarding the experimental proeedure, we notice the following. 
— A preparatory period, intended to aeeustorne the animals to the 
exi)erimental diets, was not used. The experiment started at noon 
and the exereta, dropped untill the following morning, were re- 
jected. Therefore, the first test day proper was the second day of 
the experiment. The food quantities eonsumed by the animals, 
and their body weights as well, were deterrnined daily. As to the 
eollection of the intestinal exereta, a different proeedure was used 
for the two Utters. Feees from Litter 98 were eollected every day, 
but, from Litter 102, feees from 7 suec^essive days were combined 
to a composite sarnple, which was analysed as a whole. Every ex¬ 
periment consisted of two such sub-periods. However, as to the 
urine, the quantity from every separate day was combined to a 
common volume covering all 14 days; a suitable quotum-part of 
it was analysed. 

The results of the ehemical analyses of the 4 food mixtures (dry 
basis) are given in the following tableau. 


Results of Chemical analyses. 



Margarine 

I 

Butter ! 


98 

102 

98 

102 

Ca, per cent. 

.0172 

.0138 

.0160 

.0134 

.0183 

.0138 

.0164 

.0137 


.0175 

.0138 

.0162 

.0136 

Means.'. 

.0177 

.0138 

.0165 

.0136 ! 

P, per cent. 

.0833 

.0885 

.0861 

.0874 


.0833 

.0885 

.0865 

.0867 


.0833 

.0884 

.0855 

.0873 

Means. 

.0833 

.0885 

1 .0860 

.0871 

Fat, per cent. 

i 13.25 

14.27 

14.26 

13.69 

; 13.84 


14.45 

13.65 


' 1 

14.86 

14.96 

1 

Means. 

13.55 1 

14.57 1 

1 14.56 1 

1 13.67 ' 
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Tt shows a fairly good agreement in the composition within the 
separate mixtures, whereas the agreement between them is not 
80 good, probably essentially owing to varying losses of ingredients 
in the preparation. This is especially true in the case of the fat per- 
eentage. Furthermore, the tableau shows that the content of cal¬ 
cium in the food mixtures is very low. Consequently, the daily 
iritake of this element must be regarded as very restricted, at least 
in (iomparison with the intake of it from the stock food. 

The laboratory diary tells, that the animals consumed a good 
(leal of the food offered, already during the first test day, and that 
the appetite increased as the experiment advaneed. This was espe¬ 
cially true in Litter 102. Therefore, the food quantities consumed 
during the first sub-period were considerably smaller than during 
the second one. 

Likewise, tlie intestinal exereta showed fluctuations from one 
sub-period to the other. With these facts in mind, it could seem 
suitabU‘ to regard the first sub-period as a preparatory one and 
pay attention to the seciond sub-period only. B ut since the inequa- 
lities between the two sub-classes are different for different animals, 
w(‘ found it. most suitable to present all data as totals from 14 days. 

It follows from the nature of our problem that an importan t 
task of the present investigation is to make comparisons based 
upon differences, and to compute the significance of these differen- 
ces. For this purpose we make an extensive use of the so-called 
Student^s t-test aecording to B. A. Fishee (1930). Experimental 
investigations of the present kind are bound to put moderate de- 
mands to this test. We have made up our mind to eonsider a pro- 
bability of .05 as a maximum value. It signifies that the odds are 
at least 95 against 5 for a difference to be greater than zero, and, 
consequently, that this difference must be eonsidered symptoma- 
tical, i. e. dependent upon that two different fats have been used. 
Under such circumstances, it happens only in 5 cases out of 100, 
that the difference is due to random sampling, and these exceptions 
are eonsidered too few for invalidating the conclusions drawn. On 
the other hand, it must be reinembered, that the question, whether 
a difference is symptomatical or not, does not pay attention to the 
numerical magnitude of the difference. It is a matter of course that 
an investigation of the present kind does not demonstrate great 
numerical differencjes. 

It follows from what has just been said, that our very first task 
is to compute two arithinetical means, one of wliich relating to the 
rnargarine sub-class, the other to the butter sub-class. Further¬ 
more, it must be remembered that the two means inelude three 
animals only. Suppose that our difference must be regarded as 
highly significantl 

However, the conclusion, that this high significancy implies an un- 
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deniable symptomaticity, is valid only on the supposition that it can 
be shown, that the sub-class values of the variate in question belong 
to two different collectives (populations), i. e. that the dissimilarity 
in the fat quality is the sole difference between the sublasses. 

Such an uni-factorial scheme cannot be realized in physiological 
experimentation, nor does it be desirable, as K. A. Fisher (1935) 
has made out in a most convincing way. There are always factors 
other than the fat quality which control the variation of the depen- 
dent variate, and which may vary between the sub-elasses to a 
greater or less degree. Consequently, our problem is a pluri-factorial 
one, and the inevitable way of approaching to the solution of it is 
to find relevant independent variates among the concomitant fac¬ 
tors recorded. The method of finding these »arguments» out of 
a body of numerous concomitants has been given elsewhere, e. g. 
in the afore-mentioned 1942 paper. It may suffice here to remem- 
ber that the method consists in a calculation of regression (koeffi¬ 
cients of these concomitants, according to the principle of least 
squares, and in a determination of the significance of them ad mo- 
dum Student. 

In the present case, the method is restricted by the fact that only 
6 observation equations can be written, and, consequently, that 
only 4 concomitants can be introduced simultaneously. This re- 
striction gives serious difficulties, which can be overcome only by 
the rather tedious procedure of trial and error, the notation »error» 
in this connection implying, that the corresponding net regression 
coefficient comes out of the calculation with a Student^s t-value 
of fewer odds than 95 against 5. 

The factors which have been recorded and examined in the pre¬ 
sent investigation are the following; 


(1) Initial body weight 

(2) Final body weight 

(3) Food consumed 

(4) Feces dropped 

(5) Fecal acidity 

(6) Fat consumed 
(8 a) Ca consumed 
(8 b) P consumed 


(9) Urinary Ca 

(10) Urinary P 

(11) Fecal Ca 

(12) Fecal P 

(13) Weight of femora 

(14) Ca content of femora 

(15) P content of femora 


Caldum consumption in Litter 98, Data in cg are given in the 
following tableau: 

Ca consumed. 

Marg. Butter 

a^ 1.68 1.65 d 

b 1.81 1.65 e 

c 1.71 1.61 f 


^ the animals 


Means 1.73 

Difference.. . . + .00 cg 


1.64 
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Then, during the 14 test days, the margarine sub-class had a 
mean consumption of Ca which is .09 cg higher than that of the 
butter sub-class. But, since this difference is only about 2.7 times 
its S(tandard) D(eviation), the odds are fewer than 95 against 5 
for it to be greater than zero. Therefore, the mean consumption 
of Ca may be regarded as practically the same in the two sub-clas- 
ses. Furthermore, this consumption was moderate, amounting only 
to about 1.2 mg pro animal and day. 

The Calcium balance in Litter 98. The data, given in the following 
tableau (in cg): 


Ca balance. 


Marg. 

Butter 

a - .20 

1.13 d 

b .16 

1.25 e 

c -.22 

.82 f 

Means - .117 

Difference. —1.184 cg 

1.067 


show that the mean retention of Ca was about 1.2 cg greater in 
the butter sub-class than in the margarine one. This difference is 
6 times its S. D. and consequently, the odds are more than 99 against 
1 for it to be greater than zero. 

As has already been said, the difference may depend upon that 
one or more arguments vary between the two sub-classes. 

Searching for these arguments, we found at last that the differ¬ 
ence between the sub-class means of the raw data is to great to 
pennit them to be treated as belonging to the same numerical 
collectivc. Therefore, we must restrict our searching to the separate 
sub-class. As only three series of variates can be mutually connec- 
ted, only two concomitants can present themselves as arguments. 
The criterion that we have found the right ones is, that the »re¬ 
gression coefficients» of them take comparable values. Then, our 
first task is to solve the three equations: 

m = Xq + a Xj ^ b Xg 

separately in the two sub-classes. In the equations m signifies the 
dependent variate, in this case the Ca balance; a and b are the argu¬ 
ments, and Xo, and Xg the unknown »regression coefficients» to 
be computed. 

The two arguments were found to be the P balance and the fecal 


cH, the coefficients of which are: 

P 

fecal 


balance 

cH 

in the margarine sub-class... 


.32 

in the butter sub-class. 


.81 

within them... 

. 1.261 

.318 
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The two last figures are the inträ sub-class meaiis of the coeffi- 
eients, computed from the sums of sqiiares and products of the 
secundary auxiliary. 

Usin^ these inträ sub-class means of the eoefficients, we free the 
raw data of the Ca balance from the influenee of varyin^? P balance 
and fecal cH by relating them to the dass means of these variates^ 
and ^i;et the followin^f residuals: 


Ca balance. IVeiiininary residuals. 


Marg. 


Butter 

- .042 


.0X2 

- .002 


.003 

.027 


.083 

Means .0057 

Difference. 

- .0617 

.0.500 


The difference is rej^arded to be tlu». quantitative representation 
of the faet that two different fat qualities have been used in the 
experiment. 

I^ow, the next step is to free the raw data from the influenee of 
different fat quality by the aid of this difference. The niost appro- 
priate method is to divide the difference, and add the half of it to the 
raw data of the mar^yarine sub-elass and subtra(*t it from those of 
the other. 3n doin^^ so, wc K^t the followinj,^ »reduced» values: 

(^a balance, free from the influenee of different fat quality. 


Marg. 

Butter 

.10 

.65 

.04 

.77 

.20 

.34 


This new fi^ures represent a eollective sufficiently homo^?en(*ous 
to pennit a treatment aecording to the method of least squares. 
The re^j^ression eoefficients of the arguments and their pertaining 
StudenCs t-values are: 

P balance. ].18 [12.5] 

fecal cH.31 |12.5j 

8.D.:.04 cg 

We niean that tlie new triple co-variation has 3 degrees of free- 
dom, i. e. that the egalization of the raw data to the same fat qua¬ 
lity does not imidy a loss of one degree of freedom. On this pre- 
sumption, the odds are more than 99 against 1 for the regression 
eoefficients to be greater than zero. 

The two net co-variations are illustrated in Fig. 1 and 2. 

As is seen, the regression lines fit the marks (crosses and circles) 
fairly well. Ilowever, it is to be noticed that in the two Pigures 
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Fig. 1. Tho CO-variation between tho P balance and the (^a balanee, when this 
variato is thought to be freed from the influence of varying fecal oH and 
(lifferent fat quality. In this and the following Figures the crosses belong to 
the niargarine Hub-olass, the circleB to the butter one. 



Fig. 2. The CO -variation between the fecal cH and the Ca balance, when this 
variate is thought to be freed from the influence of varying P balance and 

difforent fat quality. 

these marks represent residuals, i. e. that their y-coordinates are 
thought to be freed from the influence of different fat quality. 
Otherwise, the marks of the margarine sub-class should be dis- 
placed upwards and those of the butter sub-class downwards by a 
distance equal to the half difference between the sub-class means 
of the raw data. 
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Furthermore, it is to be noticed that an influence upon the Ca 
balance by the varying quantity of the fat consumed cannot be 
demonstrated in the present experiment. These quantities (gram) 
are given in the following tableau: 

Fat conaumed. 


Marg. 

Buttor 

a 12.95 

14.55 d 

b 13.99 

14.74 e 

c 13.16 

14.14 f 

Means J 3.367 

14.477 


Difference. - l.n 

During the 14 test days, the mean fat consumption of the butter 
sub-class was about 1 gram greater than that of the margarine sub- 
class. This difference is fully significant. 

For the sake of completeness we give the values of the fecal cH 
in 10’: 

Fecal cH. 

Marg. Butter 

a 7.65 9.9G d 

b 7.55 6.35 e 

c 4.88 8.55 f 

The result of the numerical treatment in this paragraph is that 
the considerable difference in the Ca balance to the favour of the 
butter sub-class must be considered fully symptomatical, i. e. that 
it must be related to the fat quality in a higher degree than to other 
recorded concomitants. 

The feeäl elimination of Calcium in Litter 98. Data (cg) are given 
in the following tableau: 


Fecal Ca. Obsorved values. 


Marg. 


Butter 

a .7,3 


.28 d 

b .63 


.09 e 

c .89 


.16 f 

Means .750 
Difference. 

. . + .573 

.177 


The difference is about 6 times its S. D. Consequently, the odds 
are more than 99 against 1 for it to be greater than zero. 

Nor in this case, the raw data can be treated as belonging to the 
same numerical collective. Therefore, the search for arguments 
must be restricted to the separate sub-classes. In doing so, we were 
not able to find two concomitants, the »regression coefficients» of 
which came out with comparable values in the two sub-classes. 
The most probable reason for this is, that the arguments in each 
sub-class are more than two. If such is the case, the prooedure 
given in the preceding paragraph, cannot be applied. 
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One of these additional arguments may be the urinary Ca. This 
is suggested by the result of the numerical treatment of the sum 
of the fecal and urinary Ca. This treatment shows that the P ba- 
lanee and the fecal cH come out with comparable values of the 
»regression coefficients» in the sub-classes, when the raw data of 
them are used separately. This is to be expected, as the intake of 
Ca represents very low values. 

The procedure, which has been elaborated to solve the present 
problem, consists in a trial and error assessment of the difference, 
the half of which shall be added to and subtracted from the raw 
data of the sub-classes, in order to give a minimum value to the 
last auxiliary in the reduced figure collective. This difference is 
taken to be 

.96. 

In the new figure (jollective, three concomitants present them- 
selves aa arguments. They and their regression coefficients, fol- 
lowed by the pertaining StudenCs t-values are: 

P balance. ~ ,79 [16] 

fecal cH. —.20 [15] 

urinary Ca. - .76 [30] 

S.D.02 cg 

With 2 degrees of freedom the odds are more than 99 against 1 
for the coefficients to be greater than zero. 

One sees that the same concomitants appear as arguments as in 
the case of the Ca balance, although with changed signs, and that 
a third concomitant coines in, i. e. the expected urinary Ca. This 
last-named net co-variation is illustrated in Fig. 3. 



Fig. 3, The co-variation between urinary and fecal Ca, when this variate is 
thought to be freed from the influence of varying P-balance, fecal cH and 

different fat quality. 

22-46690 Lantbrukahögskolane Annaler Vol. 14 
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Fi^. 3 shows that an increase of the urinary Ca is followed by a 
decrease of the fecal Ca, when the P-balance and the fecal cH are 
constant. This is as it should be, and agrees with the current opi¬ 
nion. 

The result of the numerical treatment in this paragraph is that 
the great difference between the sub-class means of the raw data 
to the favour of the margarine sub-class eannot be aecounted for 
by the variation of any concomitant, which has the character of 
an experimental factor, other than the fat quality. Therefore, the 
difference must be related to this factor in a higher degree than to 
any other concomitant. 

The urinary elimination 0 / Calcium in Litter 98, Data (eg) are 
given in the following tableau: 

Urinary Ca. Observed values. 

Marg. Butter 

a 1.24 .24 d 

b 1.02 .33 e 

c 1.04 .63 f 

Means 1.1 00 .400 

Difference . +.700 

The difference, to the favour of the margarine sub-class, is highly 
significant. 

The same procedure must be used as in the preceding paragraph. 
The reduction term is approximately assessed to 

± .72. 

The arguments, their regression coefficients and the pertaining 
Studenfs t-values are: 


P balance 
Fecal cH. 
Fecal Ca. 
S.D. 


~1.0l) [6.6] 

- .28 |5.7J 

-1.60 [14] 

.06 Cg 


With two degrees of freedom, the odds are more than 95 against 
5 — in the case of fecal Ca more than 99 against 1 — for the coeffi¬ 
cients to be greater than zero. 

The rather high value of S. D. may be connected with the great 
approximation of the reduction term or/and to the existence of a 
fourth argument with a low regression coefficient. Possibly, this 
argument is the weight increment of the animals during the experi¬ 
ment. 

The fecal cH is especially interesting because of the sign of its 
regression coefficient. The sign is negative, which indicates that 
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the more acid the intestinal excreta, the more economical the urinary 
elimination of Ca. The contrary may be expected. But it must be 
remembered that the regression in question holds good only on the 
presumption that the P balance and the fecal Ca elimination are 
constant. 

We do not need to carry out the analysis further. The treatment 
liithertoo performed shows, that the difference between the sub- 
elass means of the raw data must be related to the fat quality in 
a higher degree than to other recorded factors. 

The consumption of Phosphorus in Litter 98, Data in cg are given 


in the following tableau: 

P consumed. 

Marg. 

Butter 

a 7.89 

8.60 d 

b 8.59 

8.70 e 

c 8.11 

8.35 f 

Means 8.227 

8.550 

Difference.... 

. . - .323 cg 


During the 14 test days, the butter sub-elass had a mean con- 
sumption of Ca which was about 3 mg greater than that of the 
iiiargarine sub-class. Because this difference is only 1.6 times its 
S. D., the odds are fewer than 95 against 5 for it to be greater than 
zero. The elass mean of the P consumption is 8.388 cg, which di¬ 
vided by 14 gives .e cg. Therefore, the consumption of P pro ani- 
mal and day must be considered high, amounting to about 6 times 
the consumption of Ca. 

The Phoaphorm balance in Litter 98, Data in cg are given in the 
following tableau: 


P balance. Obser ved values. 


Marg. 

Butter 

a 

3.44 

3.17 d 

b 

3.79 

4.24 e 

c 

4.14 

3.28 f 

Means 

3.790 

3.56S 


Difference. 4 .227 cg 

This difference, to the favour of the margarine sub-class, is smaller 
than its 8. D., and, therefore, quite insignificant. Do notice that, 
in this case, it is the margarine sub-class which had the better 
retention of P. 

No arguments can be recognized among the concomitants, when 
the raw data are regarded as the same numerical collective. How- 
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<?ver, if they are separated in the sub-classes, two concomitants 
present themselves as arguments, i. e, the Ca balance and the fecal 
Their »regression eoefficients» are: 


Ca balance 


Fecal cH 


Marg. . 
Butter. 
Within 


By the aid of these last-named eoefficients, the raw data are 
freed from the influenee of the arguments in question by being 
related to the sub-class means of them. The half differenee between 
the sub-class means of these residuals is 


The »reduced» data are then: 

P balance, free from the influenee of different fat quality. 

Marg. Butter 

3.06 3.54 

3.41 4.62 

3.77 3.66 

In this new collective the regression eoefficients of the two argu¬ 
ments and their i)ertaining Studenfs t-values are: 

Ca balance.80 [2()J 

fecal cH. —.26 [22] 

S.D.03 cg 

The odds are more than 99 against 1 for the regression coeffi- 
cients to be greater than zero. 

We can stop the analysis here. It shows that the better reten- 
tion of P in the margarine sub-class must be related to the fat 
quality. 

The fecal elimination of Phosphorus in Litter 98, Data are given in 
the following tableau: 


Fecal 

P. Observed values. 

Marg. 

Butter 

a 2.22 

3.27 d 

b 2.85 

2.02 e 

c 2.52 

3.19 f 

Means 2.530 

3.127 

Differenee.... 

. . , - .597 cg 

In this case also, it is the margarine sub-class which had the more 

sparing fecal elimination. 

And, since the differenee is about 2.8 

times its S. D., the odds come up to 95 against 5. 
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IJsing the same procedure as in the preceding paragraph, we 
(‘onipute the »regression coefficients» of the arguments in the sub- 
i lasses separately and find thern to be: 


Fecal cH Urinary P 


Marg. 47 - 1.82 

Butter.36 - 1.56 

Withiii.46 - 1.82 


The half of the difference between the sub-class means of the 
residuals is 


± .11 cg, 


by which the raw data in the margarine sub-elass must be aug- 
riiented and those in the butter sub-class diminished, in order to 
abolish the influence of different fat quality. 

The new figure collective is: 


Focal 1*, froo from the influence of different fat quality. 


Marg. 

2.11 

2.74 

2.41 


Butter 

3.38 

3.03 

3.30 


The regression coefficients with the pertaining Studenfs t-values 
are now: 


fecal cH. 
urinary P 
S.D. 


.44 [19] 

•l.rtl [16] 
.06 cg 


The odds are more than 99 against 1 for the coefficients to be 
greater than zero. 

The two net regressions are illustrated in Fig. 4 and 5. 



4 6 6 7 8 9 10 x 10“’ 

Fecol cH 


Fig, 4. The co-variation between fecal cH and fecal P, when this variate is 
thought to be freed from the influence of varying urinary P, but not from the 
influence of different fat quality. 
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Fig. 5. The co-variation between urinary and fecal P, when this variate i» 
thought to be freed from the influence of varymg fecal cH, but not from the 
influence of different fat quality. 


The result of the numerical treatnient is, that the more profuse 
elimination of fecal P in the butter sub-class must be related to 
the fat quality in a higher degree than to other recorded factors. 

It is to be noticed, that the variation in the quantity of the P 
consumed does not exercise a demonstrable influence upon the 
elimination of fecal P. This result does not contradict the finding 
of the present author in a preceding investigation (Westerlund 
1939). 

The urinary elimination of Phosphorus in Litter 98, Data are given 
in the following tableau: 


Urinary P. 

Obsorved values. 

Marg. 

Butter 

a 2.32 

2.16 d 

b 1.95 

1.54 e 

c 1.45 

1.88 f 

Means 1.907 

1.860 


Difference. -f .047 

In this case, it is the margarine sub-class which had the more 
profuse elimination. But the difference is small and insignificant. 

In this case also, the raw data must be »reduced». The reduction 
term is approximated to 


± .37. 
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In the new figure collective, not fewer than four concomitants 
came out with significant net regression coefficients, i. e. 


Fecal oH.25 

Urinary P. - .86 

Ca balance. ~ .82 

P consumed .92 

S.D. 00 cg 


The significance of the coefficients cannot be calculated owing to 
the number of decimals nsed. 

We illustrate one of the net co-variations found, i. e. that of the 
1 ^ consumption, in Fig. 6. 


o. 

o 

c 

D 



Fig. 6. The co-variation between P consumed and urinary P, when this va- 
nato is thought to bo freed from the influence of varying fecal cH, urinary P 
and Ca balance and, furthermore, from the influence of different fat quality. 


The regression coefficient of the P consumption is in the neigh- 
bourhood of unity. This suggests that the animals were close to 
the limit, where their maximal capacity of metabolizing the con¬ 
sumed P is attained. If the regression coefficient were exactly 
equal to 1, an increase of the P consumed would be foUowed by an 
exactly equal increase of the urinary P, supposed that the other 
arguments were constant, 

Among the remaining arguments, the fecal cH interests because 
of the sign of its coefficient. It is positive, indicating that the more 
acid the intestinal excreta, the more profuse the urinary elimina- 
tion of P, naturally on the same supposition as above, i. e. that the 
arguments other than the fecal cH were constant. 

P consumption is the sole argument which is to be regarded as 
an experimental factor in a proper sense. Therefore, the raw data 
must be related to the dass mean of this variate. In doing so we 
get the foUowing residuals: 
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Urinary P, free from the influence of varying P consumption. 


Marg. 

Butter 

2.70 

1.00 

I.7Ö 

1.25 

1.71 

1.92 

Means 2.057 

1.710 


Difference. “** .347 

Therefore, the relating of the raw data to a common value of the 
P consumption, augments the original difference between the sub- 
class means to about 3.5 mg. The odds are sufficient for it to be 
considered greater than zero. Naturally these odds grow further, 
when we reläte the residiials above to the sub-class means of the 
remaining arguments. 

The result of the numerical treatment in this paragraph is, t-hat 
the margarine consumption is followed by a mucdi more profuse 
elimination of urinary P than the same quantity of butter eon- 
sumed, other influencing factors being equal. The smallness of the 
difference, computed from the raw data, depends upon that the 
butter sub-class had a greater mean consumption of P than the 
margarine sub-class. 

The consumption of Calcium in Lifter 102. Data in cg are given 
in the following tableau: 


Ca eonsumed. 


Marg. 

Butter 

g 

1.41 

1.36 

i 

h 

1.43 

1.43 

k 

i 

1.49 

1.37 

1 

Means 

1.44 

1.30 



Difference. +.05 cg 

This half mg is quite insignificant. Therefore, the mean consump¬ 
tion of Ca may be regarded as practically equal in the two sub- 
classes, amounting to about 1 mg pro animal and day. 

The Calcium balance in Lifter 102, Data are given in the following 
tableau: 

Ca balance. Observed values. 

Marg. Butter 

g .02 - .87 j 

h - .56 -.67 k 

i -1.65 .14 1 


Means — .730 
Difference. 


-.468 cg 


-.267 
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Then, the mean loss af Ca was about 5 mg greater in the marga¬ 
rin e sub-class than in the butter one, but since the difference is 
smaller than its S. 13., it must be regarded as quite insignificant. 

Just as in Litter 98, it became at last obvious that the raw data 
could not be treated as belonging to the same numerical collective. 
In the present case the problem was extremely complicated by the 
fact, that there are three^ arguments in each of the sub-classes and 
and that one of them presents itself with a much greater regression 
eoeffieient in one sub-class than in the other. 

Using the two concomitants which came out with comparable 
»regression coefficients» in Litter 98, i. e. the P balance and the 
fecal cH, we found that reasonable values were obtained from the 
bntter sub-elass only. These coefficients are: 


P balance. 1.04 

fecal cH.75 


Of these coefficients, the first is comparable with that in Litter 
98, while the other is much higher. Preliminarily, supposing that 
these values are valid for both sub-classes, we free the raw data 
from the influence of varying P balance and fecal cH by relating 
them to the dass means of these arguments. Then we get the 
following residuals; 

C^a balance. Preliminary reRiduals. 


Marg. 

Butter 

- 1.72 

1.55 

- 2.19 

1.56 

- 3.85 

1.56 


Plotting these residuals against all remaining concomitants, we 
find that only the fat consumption gives a reasonable co-variation, 
which is illustrated in Fig. 7. 



Fig. 7. The co-variation between the fat consumption and the Ca balance, 
when this variate is thought to be freed from the influence of varying P 
balance and fecal cH, but not from the influence of different fat quality. 
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The next step now is, that we — guided by the preliminary resi- 
duals given — assess the two values of the Ca balance which corres- 
pond to the same value of the fat consumption, e. g. the class mean 
of it. This assessment represents a weak point in our numerical 
treatment, owing to the fact that the values of the fat consumption 
do not overlap in the two siib-classes. In order to find the two 
values in question, we postulate — in the case of the biitter sub- 
class — that the y-coordinate of it is equal to the sub-class mean, 
i. c. 1.Ö6, and — in the case of the margarine sub«class — we extra- 
polate by eye the value in question to be - 1.50. The half differ- 
ence between these two values is 

± 1.53. 

Adding this half difference to the raw data of the margarine sub- 
class and subtracting it from those of butter sub-class, we get the 
following »reduced» values, which are thought to be freed from the 
influence of different fat quality: 

Ca balance, freo from the influence of different fat quality. 


Marg. 

Butter 

1.55 

- 1.00 

.07 

- 2.10 

- .12 

- 1.39 


In this new body of figures, the data of the two sub-classes can 
be treated as belonging to the same numerical collective. It is ob- 
vious that the squared fat consumption must be introduced as an 
additional argumental term. 

The net regression coefficients of the three arguments together 
with the pertaining Studenfs t-values are; 


P balance. 1.1 r> [72] 

Fecal cH. .78 [92] 

Fat consumption. 29.7 [50] 

Squared fat consumption. -1.06 

S.D. .02 cg 


With 2 degrees of freedom, the odds are more than 99 against 
1 for the regression coefficients to be greater than zero. 

The three net co-variations are illustrated in Fig. 8—10. 

The Figures show that the marks (crosses and circles) are re- 
presented by the regression lines fairly well. We repeat, that in 
the Figures, the values of the Ca balance are thought to be freed 
from the influence of different fat quality. Otherwise, the marks 
of the margarine sub-class should be displaced upwards and those 
of the butter sub-class downwards by a distance equal to half the 
difference between the sub-class means of the raw data. 
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l 2 3 4 5 6 cp 

P balance 


Fig. 8. The co-variation between the P balanoe and the Ca balance, when 
this variate is thought to be freed from the influenoe of varying fecal cH and 
fat consumption, and furthermore, from the influence of different fat quality. 



4 ö 6 7 8 X 10-7 

Fecal cH 


Fig. 9. The co-variation between fecal cH and Ca balance, when this variate 
18 thought to be freed from the influence of varying P balance and fat con¬ 
sumption, and, furthermore, from the influence of different fat quality. 


As to Fig. 10, it is to be noticed that the marks may equally well 
be represented by an oblique-angled hyperbola as by a quadratic 
parabola. Of these, the first named is the more probable line. Be- 
cause there are no overlapping values of the fat consumption, no- 
thing can be said about the fitting ability of the regression line in 
both sub-classes. Judging from the investigation of the present 
author of 1942, one is inclined to think, that the regression line 
given holds good in the case of the margarine sub-class only. In 
the case of the butter sub-class, the regression line should continue 
horizontally even for a greater fat consumption than that realized 
in the present experiment. 
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Kig. 10. Tho CO-variation betweon the fat ooiisurnption and the ("a balanre, 
when this variate is thought to bo freod frorn tho infliionoe of varying P 
balanoo and fecal oH, and, furthermore, from the influence of difforent fat qiiality. 


The result of the numerieal treatment in this paragraph is, that 
the low si^nificance of the differencc between the sub-elass ineans 
of the raw data, essentially depends upon the considerable intra- 
sub-class variability, and that full account can be given for this 
variability by the variation in the P balance, the feeal cH and 
the quantity of the fat consumed. In fact, the difference in question 
is highly significant and must be related to the different fat quality 
in a higher degree than to other recorded factors. 

Finally, for the sake of eompleteness, we present the data for the 
fat consumption (in gram) and those for the feeal (jH (in 10"’), not 
given elsewhere. 

Fat consumed 

Marg. 
g 14.78 
h 15.07 
i 15.69 

Fecal cH. 

Marg. Butter 

g 7.86 6.86 j 

h 7.00 4.49 k 

i 7.41 5.72 1 

The fecal elimination of Caleium in Lifter 102, Data (eg) are given 
in the following tableau: 

Fecal Ca. Observed values. 

Marg. Butter 

g 1.19 1.43 j 

h 1.52 1.57 k 

_ i 2.86 _ .88 1 

Means 1.857 1.203 

Difference . -F .564 cg 


Butter 
13.85 j 
14.38 k 
13.70 1 
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The difference, to the favour of the margarine sub-elass, is smaller 
tlian its 8. D. and cannot be considered significant. 

The numerical treatment is the same as in the preceding para- 
graph. The »regression coefficients» in the butter sub-elass are: 


P balanoe. —1.06 

feoal cH . ■* .73 


Supposing that these coefficients are valid for the margarine sub- 
( lass also, we free the raw data from the influence of their arguments 
and plot the residuals against the fat consumption. Approximating 
by extrapolation to an asymtote for the margarine sub-elass, we 
assess the reduction term to be 

± 1.74. 

Performing the reduction and freeing the new figure collective 
from the influence of varying P balance and feeal cH, we get resi¬ 
duals which, plotted against the fat consumption, are given as 
erosses and eircles in Fig. 11. 




A 

HDO- 




13 14 15 16^ 

Fat consumed 

Fig. 11. Tho co-variation between the fat eonsumption and the feeal Ca, wheii 
thi8 variate is thought to bo freed from the influenoe of varying P balance 
and feeal cH and the influence of different fat quality. 


Fig. 11 shows that a moderate fat consumption does not influence 
the feeal elimination in question, but that, over a certain limit, 
a further inerease of it is followed by a very considerable inerease 
of the feeal Ca. This result agrees with that of the 1942 investiga- 
tion. Whether the limit rule holds good in both sub-classes or not, 
cannot be decided by the present experiment, owing to the absence 
of overlapping values of the fat consumption. But it seems prob- 
able, that the limit in question should be displaced to a much 
higher value in the case of butter than in the case of margarine. 

The abbreviated method used prevents the finding of a fourth 
very reasonable argument, namely the urinary Ca. We must postulate 
the existence of it, for if we use exactly the same method as in the 
preceding paragraph and plot the ultimate residuals against the 
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iirinary Ca, we find a negative co-variation. However, the value 
of the regression coefficient of it cannot be calculated owing to the 
fewness of the observations. Furthermore, it must be borne in 
mind that the variations range of the urinary Ca is rather smalL 
The result of the numerical treatment in this paragraph is, that 
the ingestion of rnargarine is followed by a much raore profuse 
elimination of Ca with the solid exe.reta than an equal quantity of 
butter, other influencing factors being constant. 


The urinary elimination of Caleium in Litter 102. Data are given 
in the following tableau (cg): 


Urinary Ca. Observed values. 


Marg. Butter 

g .20 .30 j 

h .47 .48 k 

1 .2H .3r> 1 

Meana .317 .360 

Difference. -.043 cg 


This very little difference is quite insignificant. It is to be no- 
ticed that, in this case, it is the butter sub-class which had the 
inore profuse urinary elimination of Ca, and not the rnargarine 
sub-class as in Litter 98. 

The raw data are not suitable for a numerical treatment. Prob- 
able arguments are the fecal Ca, the P balance, the fecal cH, and, 
additionally, possibly the initial weight, all of which can be traced 
in the preliminary trials and errors. The only concomitant which 
gives at least the same sign to its regression coefficient in the two 
sub-classes is the fecal cH. But the difference between the two 
coefficients is close to be significantly greater than zero. Such a 
case is scarcely probable. The only conclusion, therefore, which 
can be drawn from our trials in this paragraph is, that a significant 
difference in the mean elimination of Ca between the two sub-clas¬ 
ses cannot be demonstrated in the present experiment. 


The consumption of Phosphorus in Litter 102. Data in cg are given 


in the following tableau: 


P consumed. 

Marg. 

Butter 

g S.9C 

8.81 j 

h 9.16 

9.14 k 

i 9.55 

8.70 1 

Meana 9.223 

Difference. -f .840 cg 

8.883 
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This difference, to the favour of tlie margarine sub-class, is in- 
si^?nificant. The dass mean divided by 14 is .65 cg. Therefore, the 
F consumption must be considered very high, amounting to about 
6.4 tiines the Ca consumption. 

The balance of Phosphorus in Litter 102. Data (cg) are given in the 
following tableau; 


P balance. Observed values. 


Marg. Butter 

g 4.85 2.08 j 

h 5.20 3.54 k 

I 5.61 3.34 1 


Means 5.240 2.970 

Difference. ^ 2.270 cg 


Do notice that in this case it is the butter sub-class which had 
the poorer P retention. The difference is great, and because it is 
about 4 times its S. D., the odds are more than 99 against 1 for it 
lo be greater than zero. 

The numerical treatment of the raw data is fundamentally the 
same as in the case of the Ca balances. The two arguments in the 
butter sub-class and their »regression coefficients» are: 


Ca balance .96 

fecal cH.. - .72 


The intermediary residuals are obtained by freeing the raw data 
of both sub-elasses from the influence of the arguments by rela- 
ting thein to the dass means of the arguments. The only concorni- 
tant, against which they can be plotted in order to get a reasonable 
co-variation, is the fat consumption — just as in the case of the Ca 
balance. The half difference between the three common values of 
the butter sub-class and the lowest value of the margarine sub- 
class is 

± 1.58. 

If this figure is subtracted from the intermediary residuals of the 
butter sub-class and added to those of the margarine sub-class, and, 
furthermore, the resulting »reduced» values are plotted against the 
fat consumption, we get the marks in Fig. 12. 

Pig. 12 shows that, up to a certain limit, an increase in the fat 
ingestion does not influence the P balance, but that over this limit, 
such an increase is followed by a considerable augmentation of the 
quantity of P retained in the body. It is not possible to decide, 
whether this limiting value exists or not in both sub-classes, %1- 
though an adjacent analogy with the Ca balance suggests a certain 
exdusivity as to the margarine ingestion. 






348 


A. Weeterliomd 


cg 



13 14 15 1< 

Fat consumed 


Fig. 12. The co-variation between the fat consumption and the P balance, when 
this variate is thought to be freed from tho influence of varying C^a balance 
and fecal cH, and, furthermore, from the influence of different fat quality. 


However, the uumerical treatment in this paragraph shows 
clearly, that the great difference between the snb-class means of 
the raw data to the favour of the margarine must be related to 
the quality of the fat used in a higher degree than to other recorded 
factors. 

The feeal elimination of Fhosphorus in Litter 102, Firstly data 
in cg: 

Fecal P. Observed values. 


Marg. Butter 

g 1.7M 3.22 j 

h 1.48 2.97 k 

i 1.71 _ 3.02 1 

Means 1.657 3.070 

Difference. —1.413 cg 


The result of the preceding paragraph suggests that it is the 
butter sub-class which had the more profuse P elimination. The 
difference is 12 times it S. D. and must be considered highly signi- 
ficant. 

The raw data cannot be treated numerically owing to their few- 
ness. Not even the sum of the fecal and urinary P can be treated 
in this way. Probable arguments for the variation of this sum are: 
the Ca balance, the fecal cH and, furthermore, both the P con¬ 
sumption and the fat consumption, at least in the margarine sub- 
class. In the actual case — the fecal P — additional concomitants 
come in as probable arguments, namely the urinary P and the 
weight increment. 

The only argument among the enumerated ones which can be 
regarded as an experimental factor in a true seniie is the P consump¬ 
tion. But even if we give the net regression coefficient of this argu¬ 
ment the maximum value of 1.00 and, by the aid of it, free the raw 
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data from the influence of varying P consumption, by relating them 
to the dass mean of this argument, the difference between the sub- 
class means of the residuals is influenced to a very moderate degree. 

Therefore, the result of the analysis in the present paragrapli is 
tliat the great difference between the sub-class means of the raw 
(lata must be regarded as fully significant, and, (‘.onsequently, that 
the more profuse elimination of P in the butter sub-class must be 
related essentially to the quality of the fat used. 


The urinary elimination of Phosphorus in Litter 102. 


are: 


Urinary P. 


Marg. 

Butter 

g 2.33 

3.56 

j 

h 2.42 

2.63 

k 

1 2.23 

2.34 

l 


Data in cg 


Moana 2.327 2.843 

Difference. ” .516 cg 


In tliis case also, it is the butter sub-class that had the more 
profuse P elimination, but the difference is only 1.8 times its S. D. 
and cannot be judged significantly greater than zero. 

Nor in the present case, it is possible to treat the data numeri- 
cally, in order to account for the great intra-sub-class variation. 
Therefore, nothing can be said about the symiitomaticity of the 
more profuse P elimination in the butter group. 


The weight of the skeleton. As a representative for the skeleton, 
we have used the feniora of the experimental animals after removing 
the distal epiphyses. 

The skeletonization was performed ad modum Subrahmanyan 
(1939). The posterior part of the carcass was flayed and the muscles 
were removed as thoroughly as possible. The preparation was 
boiled for some minutes in distilled water, and the remaining soft 
parts were rubbed away by a stiff brush. Subsequently, it was 
transferred to a weakly alkaline solution of trypsin (about .5 per 
cent) and placed in a thermostate of 40° C during several hours with 
accidental stirring. After this incubation, the skeletal parts were 
strained with boiling distilled water and set aside for drying in the 
air. The two femora were freed from fat by extracting them with 
acetone in a Soxleht apparatus during several days, dried in a 
thermostate at 100° C and, afterwards, in the air at room ternjicra- 
ture for several weeks. The distal epiphyses were detached and the 
fracture surfaces brushed by a soft penciL Eepeated weighihgs 
were done at intervals of several weeks. Variations of the weight 
were observed in the forth decimal place only. It is to noticed 
in this connection, that the preparations contain the most of the 
red bone marrow. 

23 •“ 46590 Lanthrukshögakolana Annaler Vol. 14 
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Litter 98. The weights of the two femora in cg are given in the 
following tableau: 

Weights of Femora. 


a b c d e f 

left:. 10.31 11.21 11.38 12.80 11.51 11.49 

nght:. 11.00 11.32 11.22 12.44 11.90 11.02 


The totals, arranged in the usiial juxtaposition, are: 

Woight of Femora. 

Marg. Butter 


a 

21.31 

25.24 

d 

b 

22.53 

23.41 

e 

c 

22.00 

23.11 

f 

Moans 

22.147 

23.920 



Difference. — 1.773 cg 

This difference is only about 2 times its S. D. and, therefore^ 
cannot be considered significantly greater than zero. 

The raw data may be treated as belonging to the same numerieal 
collective. The arguments and the pertaining regression coeffi- 
eients are: 

Initial weight. 3.22 [8.1] 

Ca balanco.95 [6.1] 

S.D.21 cg 

The t-values give odds more than 99 against 1 for the regression 
ooefficients to be greater than zero. 

We illustrate the net co-variation with the initial weight in Fig. 
13. 

Fig. 13 shows that the heavier the animals at the beginning of 
the experiment, the heavier their skeleton at the end of it. < This 
is as it should be. Furtherrnore, the Figure shows a good represen¬ 
tation of the regression line. 



Initial body weight 

Fig. 13. The co-variation between the initial body weight and the femoral weight^ 
w'hen this variate is thought to be freed from the influence of varying Oa. 
balance, but not from the influence of different fat quality. 
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Freeing our raw data in the usual way, by relating them to the 
dass mean of the initial weight and to the sub-elass means of 
the Ca balance, we get the following rcsiduals: 


Weight of Femora. 

Free from the influence of varying initial weight and Ca balance. 


Marg. 

Butter 


22.65 

23.79 


22.49 

23.45 


22.27 

23.55 


Means 22.470 

23..597 


Difference. 

. -1.127 cg 


The difference, still to the favour of the butter sub-class, is now 
about 8 times its S. D. and must be eonsidered highly significant. 

Therefore, the result of the analysis is, that an ingestion of butter 
eauses a higher skelctal weight than the same amount of margarine, 

other factors being equal. 



Finally, we give the initial weights in gram: 



Initial w'eight. 


Marg. 

Butter 


a 69 

77 d 


b 72 

72 e 


C 74 

72 f 


Litter 102. 

The weights of the two 

femora are (eg): 



h i j 

k 1 

Icft:. 11.90 13.38 12.75 13.32 

12.43 11.26 

right:. 12.5* 

1 13.21 12.82 13.35 

11.93 11.62 

Arranged in the usual way, they are: 


Weight of Femora. 


Marg. 

Butter 


g 24.44 

26.67 j 


h 26.59 

24.36 k 


i 25.57 

22.88 1 


Means 25.533 

24.637 



Difference. + .896 cg 


The difference, in this case to the favour of the margarine sub- 
elass, is smaller than its S. D. and therefore quite insignificant. 

As to the numerical treatment, the following is to be mentioned. 
In the butter sub-class, there is only one concomitant, the regres¬ 
sion coefficient of which comes out with a reasonable value, namely 
the initial weight, while in the CÄSe of the margarine sub-class, two 
of them present themselves as arguments, i. e. the initial weight 
and, additionally, the P balance. The regression coefficients of the 
initial weight are: 
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Margarine sub-class. 9.06 

Butter sub-class. 5.94 

Within. 6.23 


IJsinf? this Jast-mentioned coefficiont, we free the raw data from 
tlie infliience of varyin^ initial weight by referrinj^ them to tlie 
dass mean of it, plot the residuals agaiiist the P balances, and 
assess the reduetion term to 

± 2 . cg, 

Adding this term to the raw data of the margarine sub dass and 
subtracting it from those of the butter sub-class, we obtain a new 
figure collective, suitable for a (‘alculation according to the method 
of least squares, and in which the influence of different fat quality 
is thought to be abolished. In order to get reasonable values of the 
new regression coefficients, we must introduc^e into the calculation 
the squares of the P balan(ie additionally. Then the regression 
coefficients are: 


Initial weight. 4.70 [5.rq 

P balanco . - 6.84 

Squared P balance. 1.10 

S.D.48 cg 


The odds for the first eoefficient is in the neighbourhood of 99 
against 1. 

Freeing the reduced data from the influence of varying initial 
weight and x^lotting the residuals against the P balances, we get 
the marks given in Fig. 14. 



P balonce 

Fig. 14. The co-variation between the P balanco and the femoral weight, when 
this variate is thought to be freed from the influence of varying initial weight 
and different fat quality. 

Fig. 14 shows that low values of the P balance influence the 
femoral weight in a very moderate degree, but, as the P retention 
increases, the influence presents itself in a very convin(*ing way, 
i. 6. an increase of the P balance is followed by an increase of the 
femoral weight. Probably, the regression line given, calculated as 
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straight parts and completed by eye, is a branch of a sigmoid one 
with two asymptotes parallel to the abscissa. 

5?ow returning to the raw data, we free them from the inflnence of 
the two arguments by relating them — in the case of the initial weight 
— to the class mean of it, and — in the case of the P balance — to 
th<^ sub-class mean. Then, we get the following ultimate residuals: 

Weipht of Femora. 

Froe from the influonce of varying initial weight and P balance. 


Marg. 

Butter 

25.16 

25.57 

25.87 

24.21 

25.10 

24.60 

Means 25.377 

24.793 


Difference. f .584 cg 

The procedure performed diminishes the difference from about 
9 mg to about 6, but does not improve the significance materially. 

Therefore, the result of the numerical treatment in this paragraph 
is, that a difference in the mean femoral weight, which can be rela- 
ted to the fat quality, cannot be demonstrated in the case of Litter 
102, probably because of the short duration of the test period rela- 
tive to the more advanced maturity of the animals than in Litter 98. 

Finally, we give the initial weights in gram: 

Initial Weight. 


Marg. 

Butter 

g 92 

92 

j 

h 

91 

90 

k 

i 

87 

86 

1 


The content of Calcium and Phosporus in the femora, The left 
femur was sawn longitudinally in a Lorch’8 precision lathe with 
a (drcular blade of .05 mm thickness upon a special device, which 
permits an autornatical conveyance in such a way, that the blade 
strikes the bone along the same line in all the preparations. The 
inside of the medial half of it was rubbed with a Steel brush in order 
to remove the marrow. Only small coherent fragments could be 
obtained because of the fragility of the bone. The largest coherent 
fragment was incinerated in nitric and sulfuric acid, and the Ca 
and P content was determined. 

Litter 98. Calcium. The result of these analyses are given in the 
following tableau: 

Ca and P content in bone fragments (mg). 


Animal Fragment Ca P 

a. 17.1 3.64 2.06 

b. 22.7 4.77 2.66 

c. 29.1 6.52 3.41 

d. 26.8 6.74 3.18 

e. 24.7 5.81 2.94 

f. 27.9 6.60 3.46 
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The Ca content in both femora, calculated according to re^^ula 
de tri and arranged in the nsual juxtaposition, are j^ven in the 
following tableau (c^?). 

Ca content in Femora. 

Marg. Butter 

a 4..'i4 (i.3r> d 

b 4.73 5.51 e 

c 5.06 5.47 f 

Means 4.7S 5.78 

Difference. ~ l.oo cg 

The difference, to the favour of the butter sub-elass, is about 8 
times its 8. D., and, consequently, the odds are more than 95 against 
1 for it to be greater than zero. 

As is to be expected, the same concomitants present themselves 
as arguments as in the case of the femoral weight, i. e. the initial 
weight and the Ca balance, although their determination is not so 
good, the odds for thein not ex(5eeding 95 against 5. 

Freeing the raw data from the influence of the arguments named, 
by relating them to the dass mean of the initial weight and to the 
sub-class mean of the Ca balance, we find the difference betwecn 
the sub-class means of the residuals dropping to .72 with odds more 
than 98 against 2. 

Therefore, the femora of the butter sub-class are to be considered 
containing a greater quantity of Ca than the margarine sub-class. 
The difference must be related to the fat quality in a higher degree 
than to other recorded factors. 

Litter 102, Calciurn. 

The result of the analyses are given in the following tableau: 

Ca and P content in bone fragments (mg). 


Animal Fragment Ca P 

g. 45.9 10.91 4.93 

h. 47.1 11.51 5.03 

i. 44.1 10.71 4.79 

j. 47.1 11.21 4.97 

k. 44.1 10.47 4.86 

1 . 41.5 9.86 4.62 


Cornputed and arranged in the same manner as in Litter 98, the 
total content of Ca in the two femora (cg) are: 

Ca content in Femora. 

Marg. Butter 

g 5.81 6.35 j 

h 6.50 5.78 k 

i 6.21 5.44 1 


Means 6.17 
Difference.. 


+ .31 cg 


5.86 
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In this case, it is the margarine sub-class, that had the more 
fa rich femora, but the difference is smaller than its S. D. 

The same proeedure is used as in the case of the femoral weight, 
and the result are likewise the same, i. e. that a significant difference 
between the mean femoral Ca content cannot be demonstrated. 

Litter 98, Phosphorus. Data are 

P content of Femora. 

Marg. Hutter 

a 2.ri7 3.(K) d 

b 2.04 2.79 e 

c 2.05 _ 2.87 f 

Means 2.02 2.89 

Difference. — .27 cg 

The difference is abont 4 times its S. D., and, consequently, the 
odds are more than 98 against 2. 

In this case, the initial weight only presents itself as an argu¬ 
ment, with comparable values of the regression coefficients in the 
two sub-classes. By relating the raw data to the dass mean of this 
variate, we reduce somewhat the difference and give it odds of 
more than 99 against 1. The higher P content in the femora of the 
butter sub-class, therefore, must be considered symptomatical for 
the fat quality used. 

Litter 102, Phosphorus. Data are as follows: 


P content of Femora. 


Marg. 

Butter 

g 

2.62 

2.81 

j 

h 

2.84 

2.68 

k 

i 

2.78 

2.55 

1 

Means 

2.75 

2.68 



Difference. + .07 eg 

The difference is to the favour of the margarine sub-class, but 
quite insignificant. 

By the same procedure as in the case of the femoral weight, we 
can reduce the difference to .03 cg but without improving the 
significance materially. Consequently, the same result holds good 
as in the case of the femoral weight, i. e. that no symptomatical 
difference exists between the two means. 

Calcium and Phosphorus percentages in femora (diaphyses). Arith- 
metical means of Ca and P percentages in skeletal parts are often 
^aven in the literature. Although the present author is fully aware 
of the restricted value of such figures, they are given for the sake 
of completeness. 
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Ca. 

P . 

Quotient 


Ca. 

P . 

Quotient 


Litter 98. 


Litter 102. 


22.98 % 
11.94% 
1.02 


23.97 % 

10.H2 % 
2.22 


It is seen that the older litter has about 1 per cent inore Ca and 
abont 1 per cent less P in their femora than the younger one. 


Eetrospect. The present investigation is a continuation and 
an extension of some precedin^ ones on the same topic. Like those, 
the aiin of this new contribution is to find out whether or not it is 
possible to demonstrate differences as to the Oa and P inetabolism, 
which can be put into relation to the quality of the food fat used, 
in the present case mar^?arine and butter. Contrary to the former 
investigations, the present one uses yoiing growing, albino rats as 
experimental objects. 

Two Utters (classes), all Utter mates being of the same sex (femal), 
were attainable for the present investigation. Each of them, con- 
sisting of six individuals, was divided in two sub-classes, one of 
which received margarine as the sole food fat, the other butter. 
Consequently, each sub-class included three individuals only. 

If the body weight is used as the basis for a statement, e. g. as 
to the intake of Ca, it is to be remembered, that a laboratory rat, 
with the common standard food, receives mueh more of this element 
than a human being. In order to prepare the experimental diets 
for rats, which should contain a percentage of Ca comparable to 
that one which is characteristic to the human food, we have chosen 
ingredients very poor in Ca. The mean initial body weights in the 
two Utters were 72.7 och 89.7 g resp. The corresponding figures 
for the Ca intake were 1.2 and 1.0 mg pro animal and day. Conse¬ 
quently, related to kg of body weight, these intakes were: 


in Litter 98...017 g 

in Litter 102...011 


The difference between these two intakes manifested itself in the 
Ca balances, the lighter Utter having a mean Ca gain of about 
5 mg pro animal at the end of the experiment, whereas the Ca 
metabolism of the heavier Utter showed a mean Ca loss of about 
the same amount. Consequently, especially in the case of Litter 
102, the Ca intake was far from being optimal. Kotwithstanding, 
this low Ca intake was considered suited for our purposes, all the 
more as the sensibility of the Ca metabolism to different factors 
increases in proportion to the degree of the restriction of the Ca 
consumption (cf. Westerlund, 1942). 
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After the Chemical analyses were completed, the results presented 
themselves as a great number of figures, relating to every separate 
animal and test day or week. This figure material constituted 12 
complete balance sheets of Ca and P, and, furthermore, numerous 
other informations of interest. This material constituted the first 
part of the investigation. 

The second part tried to ascertain the internal structure of the 
figure material. The main purpose of it was to account for the 
intra-class and the intra-sub-class variations. Tt was difficult to 
realize this purpose, partly because of the small number of observa¬ 
tions in each sub-class, partly because the figures of the same dass 
could be treated as belonging to the same numerical collective only 
exceptionally. In some cases, this difficulty could not be over- 
conie. But in the majority of them, the aim could be attained, al- 
though firstly after tedious trials and errors. 

The first step in the numerical treatment was a calculation of 
arithmetical means, in order to describe the raw data of the separate 
sub-class. In some cases, already these means showed highly signi- 
ficant differences between the two sub-classes, in spite of the fact 
that each of them included three observations only. But, it is to be 
remembered, that a high significance does not necessarily imply, 
that the difference found is symptomatical to the quality of the 
fat used. It can equally well signify, that the quantity of it influences 
the dependent variate, and that this quantity had varied between 
the two sub-classes. Naturally, other influencing factors (argu¬ 
ments) (;an vary in the same way. 

The consequence of this is, that a second step must be taken in 
the numerical treatment, consisting in a search for factors, the 
quantitative variation of which co-variates with the dependent 
variate. The existence of such arguments was decided by the sig- 
iiificance of the net regression coefficients of them, caleulated 
according to the principle of least squares. Both an intra-class 
and an intra-sub-class variation can be accounted for in this 
way. 

As has already been alluded to, a difficulty appeared in connec- 
tion to this second step, consisting in the impossibility to treat the 
raw data as belonging to the same numerical collective. This im¬ 
possibility may at once be taken as an evidence, that the difference 
between the sub-class means of the raw data is symptomatical to 
the quality of the fat used. But, satisfying oneself by this state- 
ment, one loses many, perhaps valuable, informations as to the 
internal structure of the figure collective. Therefore, the second 
step in question must be preceded by a transformation of the figure 
(‘ollective, in order to free it from the influence of different fat 
quality. This freeing was performed by adding to or subtracting 
from the raw data of the separate sub-class a certain reduction 
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term, the magnitude of which must be assessed by trial and error. 
This assessment could be tedious. 

Such a transforrned or »reduced» figure collective is suited for 
the search of arguments belonging to hoih sub-elasses. It consists 
now of six observation series and, consequently, pennits a maxi¬ 
mum number of four observation equations to be written. Details 
in the solution of them have been given elsewhere (e. g. in the 1942 
paper). 

The third step in the numerical treatment was the use of the re¬ 
gression coefficients, computed from the observation equations. 
They were used to free the raw data from the influence of the varia¬ 
tion of the arguments, to which the coefficients belong. In doing 
so, it is to be remernbered, that the arguments are of two different 
kinds. Some of ttiem are experimental factors in a true sense, i. e. 
they can be altered purposely. Such an argument is for instanee 
the consumption of a food ingredient. Other cannot be altered in 
this way. The acidity of feces is an example of this kind. The cha- 
racter of the argument in this respect is decisive, whether the raw' 
data should be referred to the dass mean or to the sub-elass mean 
of it, in order to be freed from the influence of the variation. If an 
argument is considered a true experimental factor, the raw data 
have to be referred to its dass mean, otherwise they must be re¬ 
ferred to the sub-class mean of it. The effeet of the former proce- 
dure is, that the difference between the sub-class means is altered; 
the effeet of the latter one is, that the significance of this difference 
inereases. 

Resulta, (1) Regarding the Ca inetabolism we have found, 
that 

(a) the Ca halance is influenced in a high degree of the quality 
of the fat used, an ingestion of butter being followed by a greater 
retention of Ca than an equal amount of margarine. This rulc 
holds good in both Utters. On the other hand, the variation as 
to the quantity of the fat consumed has a demonstrable influ¬ 
ence in the case of Litter 102 only. The reason for this dissimi- 
larity of reaetion between the two Utters may be, that the variation 
of the fat consumption has a demonstrable effeet above a certain 
limit, which has not been attained in the case of Litter 98. The 
exceeding of the limit took place only in the case of Litter 102, 
and, furthermore, only for the part of the margarine sub-class. 
Therefore, nothing can be said as to the reaetion of the butter rats 
in this respect. But there are reasons to beUeve, that the Umit in 
question Ues considerably higher in the case of butter than in the 
case of margarine. 

' Furthermore, both the P balance and the fecal acidity were 
shown to be controllers of the Ca balance. The rule holds good in 
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botli Utters. The net co-variations of the Ca balance with the two 
arguments are such, that the greater the P balance and the more 
acid feces, the greater the Ca balance. The net co-variation between 
Ihe C*ti balance and the P balance is especially to be notice^, owing 
to the difficulty of demonstrating it from raw data, often encountered 
in the literature. In fact, the two Utters are so alike, that the net 
eoefficients of the P balances have practically the same value. 

As to the comi)oncnts of the Ca metabolism, we have found that 

(b) the jeoal elimination of Ca is influenced by the different quaUty 
of the fat used, the margarine causing a much more profuse elimina- 
tion than an equal amount of butter. The rule holds good in both 
of the Utters. 

The effeet of variations in the quantity of the fat ingested is 
opposite to the effeet upon the Ca balance, in so far as an inerease 
of the fat eonsumption is followed by an inerease of the elimination 
of fe(*al Ca. However, this co-variation manifests itself above a 
(‘crtain limit, whieh either was not attained or does not exist for 
the part of the butter. 

Naturally, in the e-ase of the fceal Ca also, the P balance and the 
fe(!al (TI are important cont/rollers of this output, both with nega¬ 
tive sign of their net regression eoefficients, i. e. the fecal Ca deerea- 
ses, when the P retention and the fecal cH inerease. The finding, 
that the P retention co-variates inversely with the fecal Ca, agrees 
with the result of the 1942 investigation. The fact, that a high fecal 
acidity promotes the intestinal absorption of Ca, agrees with eur- 
rent opinions. 

With these three arguments named (the fat eonsumption, the P 
balance and the fecal cH) the urinary eUmination of Ca join. The 
co-variation is negative, the inerease of the urinary Ca being fol¬ 
lowed by a decrease of the fecal Ca. But this rule can be demonstra- 
ted only in the case of Litter 98, probably owing to the scanty 
eUmination of urinary Ca in Litter 102. 

Espedally it is to be noticed, that variations in the eonsumption 
of Ca do not influence the fecal output of this element, obviously 
because of the considerable restriction of the Ca intake. 

Pinally, as to 

(c) the urinary elimination of Ga^ we have found that the marga¬ 
rine causes a more profuse outgo of this element than an equal amount 
of butter. Furthermore, the net co-variations with the P balance 
and the fecal cH go in the same direction as in the case of the fecal 
eUmination, which now enters as the third argument. However, 
these rules hold good in Litter 98 only. The raw data of Litter 102 
cannot be treated numerically. 

(2) Now turning over to the P metabolism, we have observed 
that 
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(a) the P balance is influenced to a very high degree by the quality 
of the fat used, but that this influence goes in an opposite direction 
to that one observed in the case of the Ca balance. As a matter 
of fact, the margarine causes a greater retention of P than an equal 
amount of butter. This is equally true in both Utters. Furthermore^ 
the fat quantity too, influenees the P balance, although likewise 
in an opposite direction to that one which holds good for the Oa 
balance, an increase of the fat consumption causing an increase of 
the amount of P retained and not a decrease, as was the case with 
the Ga balance. However, this co-variation manifests itself above 
a certain limit only, and this limit has not been attained in the case 
of butter. Consequently, the co-variation between the fat consump- 
tion and the P balance is demonstrable only in the case of the 
margarin sub-class in Litter 102. 

Naturally, the Ca balance and the fecal (*H enter as arguments 
in this case also, the last-named factor with a negative sign of its 
net regression coefficient, i. e. the P retention decreases in propor¬ 
tion to a higher acidity of feces. 

As to 

(b) the fecal elimination of P, we have found — in connection to 
the results with the P balance — that it is the butter that causes 
the more profuse P elimination. The differences between the sub- 
class means are remarkably great, and this rule holds good in both 
Utters. As to the remaining arguments, our results are restricted 
to Litter 98. The fecal cH and the urinary P present themselves 
as arguments. The more acid feces, the greater its content of P; 
and the more urinary P, the smaller the fecal P. Especially is to be 
noticed, that variations in the P consumption are not followed by 
variations of the fecal P output. Obviously, this co-variation mani¬ 
fests itself above a certain limit, but it has not been attained in 
this case. — The data of Litter 102 cannot be treated numerically 
owing to their fewness. 

The results as to 

(c) the urinary elimination of P do not agree in the two Utters, 
the data of which can be the object for numerical treatment only 
in Litter 98. In this Utter, it is the margarine that causes the more 
profuse urinary elimination, whereas the opposite is the case in 
Litter 102, when the raw data are concerned. As to the arguments, 
the urinary elimination agrees with those found in the case of the 
fecal P, naturally with the exception that, in the present case, the 
fecal P enters as an argument instead of the urinary P. 

(3) The last reaction to different fat quaUty which has been the 
object to the present investigation ref ers to the skeleton. Firstly, 
regarding 

(a) the weight of the femora, we have found that the quaUty of 
the fat used exercises a striking influence in this respect in the case 
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of Litter 98, in so far as the butter sub-class hias beavier femora 
than the margarine one. In Litter 102, the opposite seems to be 
the case, but the small difference to the favour of the mar^arine can 
not be made si^nificant. Probably, the reason for this is^ that the 
experimental period has been too short, relative to more advanced 
State of maturity in Litter 102. — In both litters, the initial weight 
presented itself as the most prominent argument: the heavier the 
animals at the beginning of the experiment, the heavier their femora 
at the end of it. Furthermore, two additional arguments could be 
traeed, i. e. the Ca balance and the P balance. Probably, their re- 
gressions are curvi-linear, i. e. their influences manifest themselves 
from a eertain limit upwards. 

As to 

(b) the eonteni of Ca and P in femora^ the result of the investiga- 
tion is, that these contents lie higher in the butter sub-class than 
in the margarine one in the case of Litter 98, whereas, in the case 
of Litter 102, no such net difference could be demonstrated. 

(4) Finally soine words are to be said about the applicability 
of our results as to the human food. Naturally, this applicability 
is induded in the broader question of species differences. The 
existence of such differences is indisputable, but, generally, they 
are quantitative rather than qualitative. It is to be remembered 
that a strikingly great number of alimentary reactions are practi- 
<*ally the same in rat and in man, from a qualitative point of view. 
As a matter of fact — if anyone could demonstrate, that man reacts 
to margarine in a fundamentally different way than rats — this 
demonstration should be much more sensational than the contrary. 
The present investigation, like the preceding ones on the same 
theme, shows clearly that a margarine consumption of the magni- 
tude, that our rats have realized, exercises a detrimental influenee 
upon the Oa metabolism, whereas the P metabolisin is promoted. 

But, as has already been said, the essential point in this con- 
nection lies on the quantitative side, and refers to the possibility 
for a child to eat quantities of fat and Ca comparable to those which 
our rats have taken. 

Pirstly, as to the fat consumption, it is to be mentioned, that 
the experimental diets of our Litter 98 contained 31 fat kcal pro 
100 total kcal. From the point of view of maturity, a crude approxi¬ 
mation equalizes our rats of Litter 98 with girls of 12 years, the 
daily caloric requirement of whom may be assessed to 2 500 kcal. 
The 31 fat percents of this amount are 780 kcal, which correspond to 

85 g fat. 

From these premises — supposed they are sufficiently good — 
one may conclude, that a daily consumption of 85 g margarine 
exercises a detrimental influenee upon the Ca metabolism, whereas 
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an equal aniount of butter should be harrnless in this respect. Pre¬ 
sent eircumstances do forbid such a hi^b fat consumption, it is 
true, but, on the otlier hand, it should be quite wrong to suppose 
a pronounced dislike to it, especially when sandwiches eonstitute 
a substantial part of the diet. To this we may add, that the superio- 
rity of butter probably manifests itself at a mueh lower level of fat 
intake than that of 85 g, 

Seeondly, regardinfi: the consumption of Ca, we have already 
pointed out, that our Litter 98 had a mean Ca intake of .017 g i)ro 
k^ body weight and day. From the experiments of Sherman and 
Jlawley (Sherman, 1944) with young girls, it appears that one of 
thern (age 12 years, weight 34 kg) showed an obvious increase of 
the Ca retention, when the intake of this element was augment-ed 
from .45 to .75 g, whereas an augmentation above this last-named 
level failed to exereise a relevant further improvement of the nden- 
tion. lleferred to kg body weight and day, this intake of .75 g 
<‘orresponds to 

.022 g, 

i. e. not very mueh higher than the intake of our rafs. l^robably» 
many ehildren of town-dwellers, both in this eountry and elsewhere, 
must be (‘nntent with a mueh niore restrieted Ca consumption, 
even if the margarine consumption may be rather high. 

Therefore, in the ease of ehildren, there is reason to believ(% that 
a diet in which margarine is the main souree of the food fat e.auH(*s 
a sub-optimal retention of Ca. 


Summary. 

(1) Twelve young albino rats, of femal sex and belonging to two 
litters of nearly the same age, received a food which was very low 
in Ca but high in P and vitamins A, T) and B, containing about 14 
pereent fat. This fat was margarine for three rats of the same lit¬ 
ter, and butter for the other three. The experiment lasted 14 days, 
and the income and outgo of the elements named were determinecl 
together with the weight of femora at the end of the experiment. 
The purpose of the experiment was to compare the effeet of the two 
fats upon the Ca. and P metabolism and the femoral weights. 

(2) An essential part of the investigation was a numerical treat- 
ment of the data obtained. This treatment consisted of two parts. 

The first part was a comparison between margarine and butter 
animals on the basis of arithmetical means for the raw data of each 
sub-clasB. Sometimes, significant differences could be demonstra- 
ted, in the case of Ca to the favour of the butter, in the case of P 
to the favour of the margarine. 
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The second part constituted ari atternpt to find controUers of the 
reaetions investigated. It showed a close co-variation between the 
('a and P balances, which both are conneeted to the actdity of 
feces, furthermore, that the fecal Ca-urinary C and fecal P-urinary 
are inversely correlated, and, finally, that the femoral weight 
is controlled by the Ca and the P balances. 

(3) Therefore, the result of the investigation is materially the 
same as that of a preceding one of 1942, in so far as margarine is 
to be eonsidered to cause a greater loss of Ca from the body (and 
lighter femora) than an equal amount of butter. On the other 
hand, the present investigation shows an opposite rule for P. 

(4) The applicability of the results to the human food is shortly 
<liseussed. It is argued that children may eonsume diets comparable 
to our experimental ones from the standpoint of fat and Ca, and, 
})robably, with a eoniparable effe(*t. 


Sammanfattning. 

Fett oeh Calciumomsilttning V. 

Inverkan av margarin och smör i)å växande råttors 
och P-omsättning. 

Föreliggande undersökning är en fortsättning och komplettering 
av några föregående av samme förf. Den har liksom dessa till upp¬ 
gift att söka utröna olikheter framför allt med hänsyn till Ca-om- 
sättningen, som kunna sättas i samband med att fett av olika kva¬ 
litet ingår i näringen, i detta fall margarin oeh smör. I motsats till 
dc föregående undersökningarna sysselsätter sig denna med unga 
djur (råttor) som försöksobjekt. 

Om kroppsvikten lägges till grund för jämförelser, finner förf. 
att en laboratorieråtta med den vanliga laboratorienäringen kon¬ 
sumerar betydligt mer Ca per kg kroppsvikt än en människa. Om 
(‘n råtta skall få en näring som med hänsyn till sitt Ca-innehåll kan 
jämföras med en människas, måste mycket Ca-fattiga ingredienser 
användas och vissa av dem måste rensas för att minska deras natur¬ 
liga Ca-halt. Pörf:s erfarenhet är att ju lägre Ca-konsumtionen är^- 
desto känsligare är Ca-omsättningen för ett flertal olika faktorer i 
näringen, med undantag dock för Ca-konsumtionen. Med stor Ca- 
konsumtion framträda endast obetydliga olikheter i Ca-omsätt- 
ningen även med stora variationer av olika näringsbeståndsdelar. 

Tolv st. råttungar (honor) av två olika kullar, den ena 5 dagar 
äldre än den andra, erhöllo en försöksnäring som var ytterst fattig 
på Ca, men rik på P, på A-, D- och B-vitaminer och med ett fett- 
innehåll på c:a 14 %. För 3 av råttorna i vardera kull utgjordes 
fettet av margarin (Vera), för de återstående 3 av smör. Varje* 



364 


A. Westerlund 


försök varade i 14 dagar, under vilka djurens inkomster och utgifter 
av Oa och P undersöktes. Vid slutet av försöket undersöktes också 
de skeletteradc lårbenens vikter samt deras Ca- och P-innehåll. 

Medelkonsumtionen av Oa uppgick för den yngre kullen till 17 
mg och för den äldre till 11 mg Oa per kg kroppsvikt per djur och 
dag. P-konsumtionen var c:a 6 ggr större. Denna olikhet i Oa- 
konsumtionen gav tydliga utslag i djurens Oa-balans. Den yngre 
kullen hade en medel-vinst av c;a 5 mg Oa per djur och dag, medan 
den äldre hade en medel-förlust av ungefär samma belopp. Ca- 
konsumtionen var alltså långt ifrån optimal för råttungar och 
för den äldre kullen t. o. m. understigande den som rekommenderas 
åt barn i la-årsåldern (20 mg), med vilka de undersökta råttungarna 
torde kunna jämställas i utveckling. 

Bearbetningen av de experimentellt vunna data har bestått av 
två delar. 

Den förra delen utgör en jämförelse mellan margarin och smör 
på grundvalen av medeltal för de direkt observerade värdena från 
3 djur med samma fettsort i näringen. Stundom äro redan dessa 
medeltalsdifferenser signifikanta i den meningen, att man kan 
hålla mer än 95 mot 5 på att de äro större än noll. De visa att mar¬ 
garinet påverkar Ca-omsättningen i ogynnsam riktning, 
i det att margarinförtäringen gör förlusterna av Ca med tarm- 
uttömningen och urinen större än en lika stor smörförtäring och gör 
dessutom lårbenen både lättare och Ca-fattigare. Motsatsen är 
emellertid fallet med P-ornsättningen. 

Den senare delen söker utröna om det också finnas andra fak¬ 
torer än fettets olika kvalitet som påverka de undersökta reak¬ 
tionerna. Den utgör därför en nödvändig komplettering av den förra. 
Det kan t. ex. vara så att det förtärda fettets kvantitet varit 
olika mellan en margaringrupp och en smörgrupp. I sådant fall 
måste man reducera tiU en och samma tänkt fettkonsumtion, innan 
man kan vara övertygad om att resultaten av förra delen äro rik¬ 
tiga. Vi ha funnit en hel rad andra faktorer än fettets kvalitet som 
äro medansvariga för storleken av de beräknade medelvärdena och 
deras differenser. 

Förf. tror att hans resultat i princip äro giltiga också för män¬ 
niskobarn. Eent formellt skulle de gälla blott för 12-åringar med 
en daglig margarinkonsumtion av över 80 gram och med en daglig 
Ca-konsumtion av blott 17 mg per kg kroppsvikt. Men margarinets 
ogynnsamma inverkan gör sig troligen gällande vid en avsevärt 
mindre margarinkonsumtion än den nämnda och torde bliva sär¬ 
skilt farlig, om icke Ca-rika livsmedel som mjölk och ost ingå i 
den dagliga kosten. 



Fat and Calciiim Metabolism V 


365 


References. 

Fisher, R. a., 1930, Statistical Methoda for Research Workers, 3rd Ed. 
-, 1935, The Design of Experiments. 

Sherm AN, H. C., 1944, Chemistry of Food and Nutrition, 6th Ed., New York. 
SuBRAHMANYAN, W., J. DucKWORTH and W. GoDDEN, 1939, Biochem. 
J., Vol. 33, p. 142. 

Westerlund, a., 1939, Annals of Agric. College Sweden, Vol. 7, pag. 131. 
—, 1942, ibidem, Vol. 10, p. 74. 


The expenses for the present investigation were partly shared 
by generous grants from the Swedish Council of Nutrition, 
Längman Culture Fond and Wenner-Gren Foundation. 


24 — 46690 Lantbrukehögskolane Annaler Vol. 14 



THE ANNALS OF THE ROYAL AGBICULTURAL COLLEGE OF SWEDEN 

Vol. U. 


Abnormal Spikes in Barley Caused by 
Hormone Derivatives.^ 

By EWERT ÅBERG and THORE DENWARD. 
{From the Institute of Crop Production.) 


Introduction and material. 

Spraying with hormone derivatives against weeds was triedfin 
a number of experiments at the Institute of Grop Production during 
the summer of 1946. The results from these experiments were re¬ 
ported by Denward and Aberg (1947). Some of the experiments 
were laid out in a barley field, seeded with the two-rowed variety 
Ymer. In the experiments Solutions of several hormone derivatives 
were tried in concentrations varying from 0,1 to 0,5 per cent. They 
were sprayed with 800—1 000 liter per hectare. At the time of 
heading it was found that about one third of the spikes in the trea- 
ted plots were abnormal. There seemed to be no differences between 
the plots that were sprayed with different substances and with; 
different concentrations. Instead the time of spraying appeared to 
be important. Thus it was found in one experiment that after early 
and late spraying only normal spikes were developed. Spraying at 
an intermediate time, which in this case was about two weeks after ' 
the seeding time, did, however, cause the development of abnormal 
spikes. Apparently the spraying then occurred just at the time 
when the spikes are formed in the young barley plant. 

The abnormalities that appeared in the spikes are shown in figure 1. 
Typical of the abnormalities are: 

1. The rachis internodes in certain sections of the rachis are 
extended into longer internodes than normally is the case. These 
extended rachis internodes are also shaped differently from the 
normal ones, i. e, they are rounded instead of flattened. Hairiness 
on the rachis edges, as is typical of Ymer barley, does not appear 

1 This investigation was carried out in connection with studies of hormono 
derivatives as weed-killers and was supported by The Agricultural Research 
Council (Jordbrukets Forskningsråd), Stockholm. 
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on the extended rachis internodes. The extended rachis internodes 
are thinner than the normally developed ones and they seem to 
be inost frequent in the upper part of the spike. This might, how- 
ever, be caused entirely by the stage of developnient of the spikes 
at the time of the spraying. Typical changes of the rachis are shown 
in figure 2. 

2. Ymer is a typical two-rowed barley and normally there is one 
kernel at each rachis node. In the abnormal spikes two, three or 
more kernels appeared at occasional rachis nodes (figure 1 and 5). 
When this occurred the kernels were naked while normally the 
kernels of Ymer are covered. The kernels at a rachis node of an 
abnormal spike consequently correspond to the caryopsis of a re- 
gular kernel at a node. The naked kernels were attached to each 
other at the base as shown in figure 3. However, each one of them 
bad an embryo well enough developed to be able to germinate. In 
size the naked kernels did not compare with the normal kernels in 
the spikes as can be seen from figure 4. Some of them were much 
smaller than normal kernels, others came doser to the latter ones 
in size. 

3. The lemma and the palea were not multiplied in the same way 
as the kernels. Instead they were widened. This was especially 
noticeable with the lemma as can be seen in figure 5. The lemma 
liad, instead of one awn, two or three or even a greater number of 
awns. There appeared to be as many awns on the lemma as there 
were naked kernels within the lemma. 

4. In some cases the spikelet groups instead of being typical of 
two-rowed barleys, i, e, with a central kernel and two lateral florets, 
w^ere developed as typical of six-rowed, i. e. with three kernels in 
the spikelet group. It seems appropriate to presume that this 
happened by a developnient of the rudimentary lateral florets into 
regular lateral kernels. When this happened there were lemma and 
palea for each one of the kernels. The kernels w^ere, however, naked. 


Experiniental investigations. 

Spikes of the abnormal types were collected at the harvest on 
August 10, 1946. At this time normally developed spikes from the 
same plots were also collected. It was decided to grow two genera¬ 
tions in greenhouse during the winter of 1946—1947 in order to 
study whether the above discussed abnormalities were inherited 
or not. Consequently the kernels from abnormal spikes and from 
abnormal spikelets were seeded separately but in such a way that 
the plants derived from them could be directly compared with 
plants from normal spikes and from normal kernels within abnormal 
spikes. The material was seeded in pots on August 25. The pots 
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were first i)laced outside but inoved into the greonhouse about 
Oetober 1. The barley plants headed out in December and were 
ripe at the end of January 1947. Altogether 70 plants were studied 
and 103 spikes obtained. In the spikes there were no abnormalities. 
All the spikes were regularly two-rowed, the kernels covered, the 
lemma with one awn and the raehis of the normal type. Conse- 
quently, in that generation there was no indication that the above 
discussed abnormalities are inherited. About a week after the 
harvest in January freshly harvested kemels originating from all 
the different types that were colleeted during the summer of 1946 
were seeded in pots in the greenhouse in order to produce another 
generation. This seeding took place on January 31. The plants 
developed normally and when they headed out on April 26 no ab¬ 
normalities in the spikes could be found. In this generation there 
were 205 plants with 460 spikes altogether. 

The chromosome nuinber in plants originating from normal as 
well as from abnormal seeds was determined. In all cases it was 
determined as 2 n = 14, whieh means that there were no changes 
in the chromosome nurnber. 


Discussion. 

The above described abnormalities apparently originate from 
such changes in the meristematic tissues that can be caused by 
spraying with hormone derivatives. Such changes were for example 
discussed and illustrated by Swanson (1946) and by Denwaed and 
ÅBERG (1947). It is evident from the greenhouse tests that in this 
particular case the hormone derivatives did not cause abnormalities 
that depend on changes in the genotype of the barley plants i. e. 
they did not affect the chromosomes. This of course does not mean 
that changes in the genotype can not be obtained by spraying with 
hormone derivatives. Eather such a possibility should not be over- 
looked and it seems justified with continued experiments to study 
this problem. Abnormalities similar to those in the above discussed 
experiments have so far not been reported in detail from other 
places. However, it was found at Jealotfs Hill Eesearch Station 
(Templeman 1946) that malformed ears of barley resulted from 
treatment with hormone derivatives. The abnormalities, reported 
by Templeman, were: 1) irregular setting of the grain, 2) from the 
sheath not completely withdrawn awns which resulted in a curved 
ear. Olsen (1947) reported on abnormal spikes of barley and oats 
in the experiments with hormone derivatives on Fyn in 1946. In 
these Danish experiments 0,5 and 1 per cent concentrations caused 
the abnormalities in most of the cases although in two fields 10 
per cent Solutions had been appUed. The abnormalities in the Dan- 
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ish experiments were described as a tendency of six-rowedness in 
two-rowed barleys and as a tendency of branching in the spikes. 
It seems very likely tbat these abnormal spikes were quite similar 
to the ones obtained in the experiments discussed here. 

The above described abnormalities may, however, be discussed 
also in relation to abnormal types that appear in barleys because 
of changes in the genotype of the plants. First of all this can be 
done in regard to the abnormal rachis as illustrated in figure 2. 
This rachis should be compared with a normal barley rachis as 
shown in figure 6 and with the rachis of a »tweaked spike» as it 
appears in a six-rowed American barley variety, Wisconsin Barbless 
(ÅBEEG & WiEBE 1946). This »tweaked» rachis type is shown in 
figure 7 and the »tweaked spikes» in figure 8. No doubt the ab¬ 
normal spikes and abnormal rachis that resulted from the spraying 
of barley plants with hormone derivatives are very similar to the 
»tweaked spikes» and the »tweaked» rachis in Wisconsin Barbless. 
The »tweaked spikes» in Wisconsin Barbless are found in a small 
percentage of the total number of spikes in a field, but it seems 
that the number of »tweaked spikes» in the variety varies from 
one year to another. This can be explained so that the character 
»tweaked spike» although it is genetically based may also be quite 
extensively influenced by environmental factors. 

It can be supposed that the genes influence the development of 
a plant with the help of specialized hormones, which are produced 
because of the presence of the genes. These specialized hormones 
may then be changed as the genes change. It may also be presumed 
that hormones which are abnormally distributed or are available 
in different amounts in different genotypes of the same species can 
cause abnormalities. These two possibilities have been suggested in 
connection with studies of the two abnormalities »lazy» and »nana» 
in corn. The »lazy» corn is characterized by a prostrate habit of 
growth which is due to an indifference to gravity and not to struc- 
tural weakness of the stem. Shafer (1939) could show that in 
normal com stems in horizontal positions the auxin is distributed 
in such a way that 60 per cent of it moves to the lower side while 
in the »lazy» stems about 65 per cent moves into the upper half. 
Oonsequently the difference in appearance between normal and 
»lazy» corn depends on the auxin distribution. In 1938 van Ovee- 
BEEK (1938 a) suggested that the abnormal distribution of auxin 
in the »lazy» plants depends on interference from the »lazy» genes 
on the auxin distribution in the stems. 

The same year van Overbebk (1938 b) reported on the auxin 
production in »nana» dwarf maize. He found that seed producing 
»nana» dwarf maize plants contain the same amount of auxin as 
«eed producing normal plants but that 4 and 5 days old »nana» 
fiwarfs produce less auxin than normal plants. In 6 and 7 days old 
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plants the produced amount auxin is again the same in both »nana)> 
types and normal types. In the »nana» types, however, the amount 
reaching the growing zones is much smaller than in the normal 
types. The difference in this case is ascribed to gene influence. 
Avery (1942) also emphasizes that some of the mechanisms by 
which genes exercise growth (».ontrol have been demonstrated to 
be hormonal. 

If the genes act with help of hormones then the »tweaked spikesv) 
of Wisconsin Barbless and the abnormal spikes after spraying with 
artificial hormone derivatives do not stand very far apart. When 
the tweaked spikes are developed in Wisconsin Barbless the genetic 
and environmental conditions might have been right for a high 
production of hormones within the plant. The result of a high 
hormone production by a plant is undoubtedly the same as when 
artificial hormone derivatives are sprayed on plants of the same 
species which by themselves do not produce a high amount of 
hormones. Of course this is true only under the provision that the 
last mentioned plants are in such a stage of development that they 
are sensitive to hormones. Consequently the tweaked spikes in 
Wisconsin Barbless and the abnormal ones after spraying in Ymer 
barley might be caused by a very similar substance. The only 
difference is that in one case the substance is a natural product, 
in the other an artificial one. In othcr words Wisconsin Barbless 
can produce enough of the hormones while Ymer has to get some 
of the hormones added. Martini and Harlan (1942) mention 
»tweaked spikes» as having occurred in hybrid material at Aberdeen, 
Idaho. According to their descriptions their types agree well with 
the types discussed above. 

Also the othcr abnormalities in Ymer barley, that were caused 
by hormone derivatives, show some similarities with abnormal 
types of genotypic nature as these were described by Martini and 
Harlan (1942). During their work with the large-sized barley 
breeding project at Aberdeen, Idaho, they found one barley with 
a great number of flowers and seeds at each rachis node. They 
calied the type multiflorus and it appeared to be genetically based. 
The type has something in common with the multiplied spikelets 
in the material of Ymer barley. A triple bearded type that they 
discovered in the same breeding material has some similarities with 
those types of lemmas with two, three or more awns that were found 
in the Ymer barley after spraying with hormone derivatives. At 
least one of the triple bearded types that Martini and Harlan 
found was used for crosses. Some results of these were available 
before the deaths of both these two scientists, but so far these data 
are not available in print. 
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Conclusions. 

The most striking similarity between abnormalities in barleys 
as caused by the application of hormone derivatives and by genes 
is the extended internodes of the rachis. However, also for the 
other characters there are similarities. Altogether it suggests that 
hormones are of decisive importance not only for the development 
of plants but also for the structure of the plants. In that connection 
perhaps the most interesting speculation that the material in this 
paper will give rise to is that those substances by which the genes 
direct the structure and the development of the plants might be 
similar to those artificially produced hormones and hormone deri¬ 
vatives that now are being used for different practical purposes 
in connection with the growth of cultivated plants. This relation- 
ship is worth a doser study. 

Summary. 

During the summer of 1046 a number of abnormal barley spikes 
were found in a barley experiment that was sprayed with hormone 
derivatives for the killing of weeds. The abnormalities were: ex¬ 
tended rachis internodes, increased numbers of kemels at some of 
the rachis nodes and widened lemmas with more than one awn. 
Two generations originating from abnormal spikes were grown in 
the greenhouse during the winter 1946—1947 for the study of the 
inheritance of the abnormalities. They were found not to be in- 
herited. The similarity between these abnormalities and those of 
genetic origin is discussed and it is suggested that there is a resem- 
blance between the hormone derivatives and the substances that 
the genes produce to direct the development and the structure of 
plants. 


Sammanfattning. 

Under sommaren 1946 uppkom ett antal abnorma kornax i ett 
komförsök, som sprutats med hormonderivat mot ogräs. De ka¬ 
rakteriserades av förlängda axspindelsinternoder, ökat antal kär¬ 
nor vid en del axspindelsnoder samt bredare lemma med mera än 
ett borst. Två generationer härstammande från dessa abnorma ax 
odlades i växthus vintem 1946—1947 för studier av abnormiteter- 
nas nedärvning. De visade sig vara icke ärftliga. Likheten mellan 
dessa abnorma typer och abnorma typer av genetiskt ursprung ger 
anledning till förmodan att hormonderivaten och de substanser, 
som generna producera fQr att påverka växternas utveckling och 
karaktärer, äro likartade.. 
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Fiq. 1, Abnoruial spikes of Ymer 
barley oollected in th© experi¬ 
mental plot8 at Kungsängen dur- 
ing the siimnier of 1946. 


i 


Fig, 2. The abnormal type of rachis 
of abnortnal spikes as shown in 
figure 1. Notice th© extended in¬ 
ternodes in the upper part of the 
rachis. 






Fig, 5, Normal barley spikelets of Ymer barley (left) 
and abnormal ones (rigbt\ 

Fig. 6. Normal barley rachis. (Courtesy of Bnreau of Plant Ind., 
Öoils and Agricultnral Kngiueeriog) U. S. D. A., Washington D. C.) 






Fig. 7. The rachifl type in 
»tweaked spikea» of Wiscon¬ 
sin Barbleas. Courtesy of 
Bureau of Plant Ind., Soils 
and Agricnltural Engineering, 
U. S. D. A., Washington D.C.) 

Fig. 8. »Tweaked spikes» of 
Wisconsin Barbleas. (Courtesy 
of Bureau of Plant Ind., »Soils 
and Agricnltural Engineering, 
U. S. D. A., Washingtbn D. C.' 
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On the infiiuence of the nature of the pipes on the 
friction resistance in drainage systems. 

By TORSTEN ADOLFSSON. 


A considerable aniount of uncertainty prevails concerning the 
eapacity of drainage systems, as the few investigations which have 
been carried out in the field have either not been very comprehen- 
sive or have been directed on other problems than the one which 
is of the greatest interest from the agronomic hydro-technical point 
of view, nainely the maximum capacity of the pipes. Therefore, 
a number of years ago Professor Herman Flodkvist, Director of 
the Agronomic Hydro-technical Institution at the Royal Agricul- 
tural College, initiated a number of investigations into the velocity 
of water, etc. in tile pipes. Among these investigations the follow- 
ing may be mentioned: 

1. Determinations of the loss of head in various small-dimensioned 
conduits. 

2. Determinations of the flow of water in normal conduits of dif- 
ferent dimensions with inside diameters from 40 mm. to 150 mm. 

3. Determinations of losses due to friction in pipe elements, such 
as inlets, bends and pipe-line connections. 

4. Investigations concerning the transport of silt. 

The determinations included under point 1 were carried out by 
the present author, who has also been commissioned to work up 
that part of the investigations. 


Earlier investigations. 

Explanations of the symbols used below are given in table 3. 
Fred. C. Scobey (1920) collected a large number of observa¬ 
tions regarding the velocities and loss of head in large pipe-lines of 
cast iron, wood, or concrete. The investigations concerning the 



374 


Torsten Adolfsson 


last-mentioned material are of interest in the present connection. 
The measurements were made on conduits built for practical use 
for large-sized irrigation installations or power stations. The loss 
of head was measured with piezometers the height relations of 
which was determined by means of levelling, and the velocity was 
determined all according to local conditions, either directly by 
means of the addition of colouring matter, or indirectly by means 
of current meter or measuring weir in an appropriate section above 
or below the controlled stretch. The results are expressed in a 
formula, which, recalculated in decadal measurements and ordinary 
hydraulic magnitudes, may be expressed 

V “ c 10.500^ 

This formula, in which v is the velocity, c a factor, K the hydraulic 
radius and I the slope, is based on 184 observations of velocity and 
loss of head in 42 different systems, the smallest 0.2 m. and the 
largest 5.5 m. in diameter. Scobey divides systems of this kind 
into four classes, all according to the construction and roughness, 
and indicates the following c-values for the different classes. 

Olass 12 3 4 

Value of c. 60.8 70.6 78.6 84.2 

B. L. Yarnell and S. M. Woodward (1920) carried out very 

comprehensive investigations with the velocity of water in drainage 
systems. The deterniinations were carried out with special experi¬ 
mental conduits, 173 metres in length, which with the help of me- 
chanical arrangenients could be adjusted to any slope desired be- 
tween 0.5:1 000 and 15; 1 000. The investigations were made on 
both tile and concrete pipes, and in the case of both materials 

comprised the dimensions 4, 5, 6, 8, 10 and 12 Bnglish inches. Tile 

and concrete pipes were of the same length, i. e, 2 feet. A total of 
893 velocity determinations were made. Yarnell and Woodward^s 
investigations are to a certain degree incomplete, however, for they 
only measured velocities in partly filled conduits. The results of 
observations made when the pipes were filled to at least 92 % of 
the interiör diameter were worked up specially, however, and the 
formulae obtained in that way were considered to apply also to 
completely full pipe-lines. According to these investigations there 
appear to be no hydraulic differences worth mentioning as between 
tile pipes and concrete pipes. The two investigators therefore, set 
up for completely filled pipe-lines of both kinds the subsequently 
much used formula 


V = 92.87 E*/» r *. 
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Gustav Keewat (1935) determined the velocities of water in 
eompletely full conduits of 40 mm., 65 mm. and 80 mm. tile pipes 
with different slopes between 2:1 000 and 10:1 000. The results 
are summarized thus: 

Kerwat indie.ates the following values for n. 

Pipo dimension 40 mm. 65 mrn. 80 mm. 

Value of n. 58.64 67.62 75.64 

He only carried out a comparatively small number of determina- 
tions, and the above formula will probably not be applicable to 
other than approximately the pipe dimensions and slopes employed 
in the investigations. 

0. L. Feilberg (1937) investigated the flow in pipe-lines of 
55 mm., 81 mm. and 109 mm. tile pipes. The conduits, which were 
30 m. long, could be given any slope desired between 1:1 000 and 
10:1 000, and the velocity was determined both in normal lines 
and in some lines with certain constructional defeots. Feilberg found 
that, for normal pipes, the velocities tallied well with the velocities 
calculated according to a formula proposed by Strickler, if a factor, 
k, in that formula was given a value appropriate for tile pipes. 
After a detailed analysis of the results of the measurements, Feil¬ 
berg therefore proposes Strickler^s shortened formula: 

T == 4. 

k* ^ Y 

According to the investigations, Avith well laid pipes k would have 
the value 110, but Feilberg proposes rounding it off to 100, whereby 
the formula would allow for a small margin of safety. 


Experimental arrangements. 

The previously mentioned investigations regarding losses due to 
friction in different kinds of drainage conduits of small dimensions 
were carried out with 20 m. long conduits lying horizontally. The 
variations in slope desired were effected by regulating the difference 
in height of the water surfaces in the inflow and the outflow tank. 
The arrangements are reproduced schematically in figure 1. The 
inflow tank oonsisted of a sheet-metal cylinder, 1.0 m. high with 
a diameter of 1.0 m. The water level in it could be adjusted to the 
height desired by means of a funnel-brimmed, vertically adjustable, 
discharge pipe in the centre of the cistern. The water required. 




376 


Torsten Adolfsson 


whicli was obtained from the College waterworks, was fed into 
the bottom of the tank in the manner sho^n in the figure. The 
outflow tank was made in the same way as the inflow one, with 
the difference that the funnelled brim was of larger dimensions. 
The two tanks were connected up by means of the conduit which 
was to be investigated. The latter was laid in a straight wooden 
trough with a V-shaped cross-section and packed by first closing 
the joints between the pipes with short rubber sleeves, after which 
the whole pipe-line was cast into a layer of concrete some centi- 
metres thick. The glass-tube conduit used in the investigations 
could be made completely tight with only rubber sleeves. There 
was no special arrangement to reduce the loss of head at the inlet 
and outlet. 


Ouiflo\Kj fank >Jnf/ow tank 



Figure 1. 8chematic representation of the techniral arrangements. 


The loss of head in the lines was measured with piezometers. In 
a normal 50 mm. tile pipe line used for control of the arrangements 
5 piezometers were introduced at 0.20, 4.90, 9.90, 14.90 and 19.80 
m. distance from the inlet end of the conduit. They exhibited a 
completely even drop of pressure along the whole length of the 
conduit for all the drops in pressure investigated. In the further 
investigations with other conduits, therefore, the piezometers were 
only fitted in at the places indicated above at the ends of the lines. 
In order that sources of error might be eliminated as far as pos- 
sible, the same first and last pipes respectively with piezometers 
attached were used in all lines of tile pipes. With the help of the 
arrangements sketched in fig. 1 the height difference between the 
water surfaces in the piezometers could be read off with great ac- 
curacy. 

The loss of head at the inlet to 50 mm. conduits under the con- 
ditions stated was determined for 24 different water velocities. 
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The results obtained were levelled out with the use of the method 
of least squares to a parabola of the second degree, which equation, 

h = 0.0033 V + 0.0644 + 0.0012, 1. 

rnay be of interest only if it can be compared with loss of head 
observations at the inlet of conduits of larger dimensions. 

The mean velocity of the water in the conduits was determined 
indirectly with the guidance of water flow and the average cross- 
section area. The latter was calculated after measuriiig the largest 
and smallest diameter in both ends of every pipe used, while the 
water flow was established by means of volume measurements in 
special tanks and timing. The last mentioned observations were 
repeated 10 times for each velocity determination. 

It rnay be questioned whether a stable and uniform stream has 
time to develop in a 20 m. conduit. The arrangements were con- 
trolled in this respect by determinations of velocity and loss of 
head on two different conduits of normal 50 mm. tile pipes, one 
20 m. long and the other only 10 m. Using the former 19 observa¬ 
tions were made and using the latter 14. The results of the measure¬ 
ments were worked up by the ordinary statistical methods. For 
the 20 m. conduit the relation between fall and velocity was found 
to be 

V == 8.243 • 2. 

and for the 10 m. conduit 

V = 8.258 • 3. 

Purther, the velocity of the water in a 20 m. conduit of the same 
pipes laid at a slope of 10; 1 000 was inve^tigated. The water table 
in the outflow tank was kept at the same level as the highest point 
of the orifice of the pipe, while the height of the water in the inflow 
tank was determined by the corresponding point on the inlet ori¬ 
fice, to which must be added the loss of head at the latter. Accord- 
ing to (2), in the case of a fall of 10:1 000 the velocity is 0.600 
m/sec., and according to (1) the loss of head at the inlet 0.025 m. 
In the experiments the velocity of 0.588 m/sec. was obtained with 
an additional 0.020 m. for loss of head at the inlet and the velocity 
of 0.604 m/sec. with an addition of 0.026 m. Simple interpolation 
between these values with an addition of 0.025 m. gives a velocity 
of 0.601 m/sec. Another observation, worth mentioning in this 
respect was made in connection with the investigations concerning 
the transport of solid material. On one occasion a thin jet of silt 
and water was squirted into the inlet of a conduit of 45.6 mm. 
glass pipes. Through the glass walls it could be seen tbat, even at 
the lowest velocity, the muddy water within a short distance was 
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spread over the whole eross-section of the conduit. It emerges 
from these Controls and observations that turbulent movement 
and stable flow conditions are developed in very short distances 
under the conditions ruling in these investigations, and that 20 rn. 
conduits are sufficient for determinations of this kind. 


Conduits investigated. 

Conduit of 45,6 mm, glass pipes, The inner surface of the pipes 
was approximately as smooth as window glass. The conduit was 
not entirely smooth>walled, however, as the pipes were only 33 em. 
long, and at every joint there were unevennesses. Test data arrived 
at by the experiments with this pipe line as well as by other (‘on- 
duits are shown in table 1. 

Conduit of 51,4 mm, normal tile pipes, This was constructed of 
good pipes which satisfied the requirements laid down by the 8we- 
dish Standardization Commission. All the pipes had the normal 
inner surface of tile pipes, and they were free from protruding edges 
or other fortuitous defects. It was considered that they were laid 
just as well as in actual practice. 

Conduit of poor eonstruction, The importance of the eonstruction 
of the conduits was investigated with the third conduit, which 
oonsisted of the same pipes as in the immediately preceding one, 
although every third pipe was displaced 5 mm. from its right position 
alternately upwards, downwards and laterally as shown in fig. 2. 
Worse laid conduits than this will probably not be met with in prac¬ 
tice, and the resistance in it proved to be greater than in any com- 
parable conduit investigated. 


Smm 

Figure 2. The difiplacement of the pipes in badly laid conduit. 


Conduit with a proportion of oval pipes, Tile pipes are seldom 
quite cylindrical, and, according to the Swedish standards, certain 
divergencies from the cylindrical form are allowed; these give rise 
to unevennesses at the joints, and it is of interest to investigate 
how this affects the friction resistance. Generally only one end of 
the pipe is definitely oval. In the conduit in question every third 
pipe was oval, with the flattened end turned against the flow. For 
the rest the conduit was constructed of normal pipes with diameters 
of 51.4 mm. In order that the results should be clear, defectivo 
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Figure 3. Split rough pipe. 
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Table 1. Loss of head and corresponding velocities. 


Conduits of or with 


glass pipes 

normal pipes 

badly laid 
pipes 

oval 

pipes 

rough pipes 

Loss of 

Velo- 

Loss of 

Velo- 

Loss of 

Velo- 

Loss of 

Velo- 

Loss of 

Velo- 

head 

city 

head 

city 

head 

city 

head 

city 

head 

city 

1.839 

0.216 

1.821 

0.228 

1.862 

0.210 

1.837 

0.220 

1.847 

0.213 

2.766 

0.271 

2.739 

0.285 

5.556 

0.388 

4.607 

0.361 

4.622 

0.354 

3.680 

0.323 

3.638 

0.336 

9.245 

0.613 

7.372 

0.464 

7.388 

0.458 

4.600 

0.366 

4.541 

0.381 

13.816 

0.647 

10.092 

0.560 

10.153 

0.544 

5.521 

0.405 

5.444 

0.424 

18.367 

0.762 

12.816 

0.642 

12.908 

0.621 

6.442 

0.441 

6.337 

0.465 



15.!)40 

0.714 

15.668 

0.688 

7.362 

0.478 

7.240 

0.500 



18.245 

0.785 

18.434 

0.749 

8.268 

0.511 

8.133 

0.636 







9.191 

0.640 

9.026 

0.569 







10.109 

0.569 

9.934 

0.598 







11.022 

0.598 

10.801 

0.634 







11.918 

0.630 

11.725 

0.656 







12.829 

0.657 

12.612 

1 0.685 







13.745 

0.682 

13.500 

0.713 







14.657 

0.707 

14.413 

0.736 







15.566 

0.732 

15.291 

0.763 







16.483 

0.754 

16.204 

0.788 







17.394 

0.777 

17.087 

0.809 







18.326 

0.795 

17.959 

0.835 








pipes, with somewhat greater divergencies from the cylindrical 
form than the previously mentioned norms permit, were selectod. 
The greatest and smallest diameters of the oval ends of the pipes 
were on an average 53.9 and 48.9 mm. respectively. 

Tile pipes with rough inner surface. A very common defect in 
tile pipes is that the inner surface is considerably rougher than it 
should be normally. The result of this defect was investigated in 
a special conduit with an average diameter of 50.4 mm. All the 
pipes used were very rough, the majority over the whole surface. 
The appearance of the pipes is shown in fig. 3. 


The working up of the results. 

In general the results of investigations with practical aims are 
worked up without application of the Eeynolds law of similarity. 
The simplest method for such working up is to calculate, with the 
help of the method of least squares, the connection between the 
magnitudes: slope, mean hydraulic radius, and velocity. Then, 
e. g, a formula of the type 

V = c E* 
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is obtained, which was employed by, inter alios, Kerwat, Scobey 
and Yarnell and Woodward. The statistical formulae tally well 
with the observation series, and they are easy to use in practice. 
The investigation before us aims at elucidating how the nature 
of the pipes and the construction of the conduits, affect the resist- 
anee. When different eonduits are eompared with each other in 
respect of resistance this should be done when the average courses 
of motion are comparable. Therefore, in the subsequent working 
up the law of siinilarity is applied. Thus the test data are re- 
ealeulated to dimensionless numbers, namely the Keynolds number, 
R, whieli is defined by the equation 


and anotlier dimensionless nuinber, the resistance fignre, A, which 
is defined by the expression 

2 g dl 

The relation between these magnitudes appears from diagram 1 
as far as the conduits investigated are ooncerned. The unbroken 
<‘urve both in this diagram and in diagrams 2 and 3 does not refer 
to any drainage material, but it indicates the relation between B 
and A if the conduits have smooth, polished walls. As a smooth 
Wall sui*face is the easiest to reproduce, the eourse of the curve is 
ac^curately determined by the work of several investigators. It in¬ 
dicates the least x><^>ssible resistance and affords valuable possibili- 
ties of comx)arisons. 

As might be expected, the resistance to the movement of the 
water was somewhat less in the smooth-walled glass pipes than in 
the tile pipes. The resistance in the glass piping is greater, however, 
than in smooth pipes, and probably the unevennesses at the joints 
is the chief cause of this. It is characteristic that the resistance figu- 
res for glass piping in graphic representation lies on a line which is 
practically parallel to the comparison curve. The same can also be 
said about the resistance figures for conduits of normal, well laid tile 
pipes, although the resistance in the latter is considerably greater 
throughout than in glass pipes. In a badly laid conduit of normal tile 
pipes the resistance was greater than in any other system investigated. 
In the conduit with a number of oval pipes the resistance was also 
great, and it can be shown that the unevennesses which may appear 
for vaiious reasons at the joints have a very great checking effect. 
In conduits of rough pipes the roughness appears to exceed the 
unevenness at the joints as a cause of friction. With a rising Rey¬ 
nolds number the resistance figure certainly decreases, but less 
and less. Unfortunately no definite conclusions can be drawn from 

25—46690 Lantbrukahögskolana Annaler Vol. 14 
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the series of experiments, inasmuch as there are no observations 
ivith sufficiently large values of the Eeynolds number. An impres¬ 
sion is gained, however, that the curve for the resistance in the 
rough pipes takes a course whi(ih diverges entirely from the course 
of the comparison curve. 

In diagram 2 are reproduced two of Feilberg’s series, analyzed 
in the same manner as the preceding ones. Both conduits were 
constructed of normal, 81 mm. tile pipes, one of them being well 
laid and the other badly laid. The relation between the Eeynolds 
number and the resistance figure, and the differcnce between the 
series tally on the whole with corresponding observations in previ- 
ous investigations. 

Attempts have also been made to work up in the same manner 
other published observations eoneerning velocities and loss of head 
in tile and concrete conduits of dissimilar constructions. Yarnell 
and Woodward confined their investigations to only partly full 
lines, which makes all comparisons much too uncertairi. As has 
been mentioned previously, Scobey compiled 184 observations on 
conduits which were in use. The author atternpted to divide them 
up into three different categories, namely normal, badly construc- 
ted and rough conduits. Unfortunately this excluded more than 
half the material, inter alia^ conduits whose eapacity was affected 
by deposits of sand, sharp curves or other factors which were not 
pertinent in this connection, and also conduits about the nature of 
which no detailed information was given. 68 worked-up determina- 
tions are reproduced in diagram 3. The individual observations are 
so uncertain, however, that the diagram affords no more than an 
approximate idea of the resistance in concrete conduits at very 
large values of the Eeynolds number. 

Three investigators, Th. von Kärmån (1931), L. Prandtl (1932) 
and J. Nikobadse (1932) have succeeded by means of theoretical 
analyses, combined with experimental research, in deriving very 
valuable general formulae for the course of movement in pipes 
and channels. On the basis of the flow conditions close to the walls 
Prandtl derived the formula 

~ = 2.0 log {Ed V]^) - 8 4. 

for the relation between the Eeynolds number and the resistance 
figure for smooth pipes. At about the same time von Kärmän 
made a similar calculation, which he based on the flow conditions 
in the centre of the pipe, and he arrived at practically the same 
formula. For the friction in rough pipes Prandtl deduced the 
formula 

. = 2.0 log ^ + 1.74 


6 . 
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Diacjram 3. Resisiance in concr&ie conduih occordin^ fo 
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in which r is the radius of the pipe and s the average height 
of the Wall unevennesses. Nikuradse investigated the resistance 
in rough pipes of smaller dimensions. Ile used metal pipes, which 
were roughened by coating the interiör with grains of sand of 
the same size, one size for each pipe. He found that the resistance 
in rough pipes was almost the same as the resistance in smooth 
ones within a range where the Reynolds numbers were small. 
Thus in this range the funetion (4) was applicable both to smooth 
and to rough pipes. With rising values of the Reynolds number, 
however, the resistance in the rough pipes became greater than 
that in the smooth. In a graphic representation the resistance 
curve for the former was parallel with the abscissa. Thus the 
resistance figure is independent of the Reynolds number, and for 
rough pipes the formula (5) applies in this range. 

It appears from the experiments with drainage systems, that the 
course of movement and the friction resistance in them lies at the 
transition between the ranges represented by the formulae (4) and 
(5), provided that the normal conditions in the matter of water 
velocity and pipe material are present. If the pipes are of a normal 
nature, the unevennesses at the joints appear to be the cause of 
the resistance being greater than in smooth conduits. Under given 
conditions other unevennesses in the pipe walls appear to be entirely 
enclosed by the layer of liquid at the walls, where the movement 
is laminar and very slow. In principle, even though not exactly, 
therefore, the formulae for smooth pipes apply. Experiments with 
very rough pipes appear to show, however, that it is not far to the 
stage where turbulence is inore fully developed, and the roughness 
makes itself felt, at the same time as the resistance becomes inde¬ 
pendent of the Reynolds number and can be calculated from (5). 

Prandtl—von Kårmån’s formula (4) can easily be made to tally 
with the results of the measurements by calculating fresh values 
for the constants. Such calculations have been made with regard 
to the well laid conduit of normal pipes, the badly laid conduit 
of the same pipes, and the conduit of rough pipes, the ordinary 
statistical methods being used as they were advanced by Joed an- 
Eggeet (1935). Formula (4) was not employed unchanged, how¬ 
ever, for such a calculation immediately leads to a serviceable 
velocity formula. Therefore the hydraulic radius was inserted in 
the formula instead of the diameter, and the formula thus became. 

= 1 + 2 log {Er YYr) 6. 

or in general terms 

^^x + y\og{EVx) 7. 
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Table 2. Constants in resistance equations for certain conduits. 


Conduit 

X 

y 

j 


my 

Woll laid conduits. 

1.10 

1.81 

± 0.055 

± 0.242 

± O.OÖl 

Badly laid conduits .... 

1.45 

1.46 

± 0.030 1 

± 0.202 

± 0.077 

Lines of rough conduits. 

! 2.34 

1.14 

± O.OlO 1 

± 0.117 

± 0.O44 


The values of x and y arrived at appear from table 2, in which 
me indicates the standard deviation of the individual observation 
and Mx and my the standard errors of the respective constants. 

With the guidance of table 2 it readily suggests itself to select 
the value 1.5 for both constants. After a simple development of (7) 
we obtain t-he forinula 

^ _ 

[1.5+1.5 log {E\ x)Y 


whieh gives approximately mean resistance figures, The relation 
between the Keynolds number and the resistance figure according 
to this function has been inserted in the form of a broken line in 
diagrams 1—3. 

If in 

} = 1.5 + 1.5 lo^ 1%) 

1 Ak 


the symbols Ak and Er are replaced by the magnitudes they repre- 
sent, the following is obtained 


or 



_ 


V~^g 


1.5 




8 . 


Thig formtila iB not proposed aB a new velocity formula, however. 
The intention is only to render concrete the earlier discusBion, which 
may app^ somewhat abstract, from the applied technical point 
of view. A new formula may possibly be the subject of disoussion 
in the treatment of further investigations in a future paper from 
the Hydrotechnical Institution of the Boyal Agricultural College. 
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Table 3. Explanatiom oj the symbols in jormulae and tables. 


Symbol 

Magnitude 

Dimension 

d 

Diameter 

m 

r 

Kadius 

in 

R 

Hydraulic* radius. - 
4 

m 

I 

Loss of head or slope 

0/ 

/oo 

V 

Velocity 

m/sec. 

Q 

Water flow 

m®/8ec. 

F 

Cross section area of the conduit 

m“ 

h 

Loss of head at the inlet 

m 

c 

Factor in Scobey’8 formula 

in^-^Vsec. 

k 

» » Strickler’8 » 

in^'*‘VHec. i 

n 

» » Kcrwafs » 


8 

Mean height of wail unevennesses 

m 1 

E 

The Reynolds number 

i 

X 

Resistance figure 

1 , 

1 

T 

Öpecific gravity 

kg/m» 

y- 

Dynamic vnscosity 

kg soc./rn» 

V 

Kinematic viscosity 

m»/8e(‘. 


Summary. 

By means of experiments with laboratory material it has been 
shown that if a pipe-line has smooth walls the resistance fij^ure ia 
a function of the Beynolds iiumber, and that this function is of 
such a nature that the resistance figure decreases with risin^? valuea 
for the Reynolds number. On the other hand, if the walls are very 
rough, there is no such relation after the Jieynolds number haa 
reached fairly large values. 

The present investigation with tile pipes has shown that the 
flow in drainage systems does not tally entirely with the flow in 
either smooth-walled pipes or pipes with very rough interiör sur- 
faces but constitutes a transition form if the conditions are such 
as are charaeteristic of normal drainage technique, namely com- 
paratively slight water velocity and roughness and comparatively 
large pipe diameters. It is typical of drainage systems that the 
in^vidual pipes are short. The unevenness of the joints increasea 
the resistance, but does not appear to do away with the relation 
between the Reynolds number ahd the resistance figure. Under the 
conditions just mentioned, this relation does not appear to be done 
away with by normal roughness, either. Abnormally rongh pipes 
increase the resistance considerably, but the investigations Mtherto 
carried out are not sufficient to elucidate the resistance conditions 
in such pipes in the case of considerable velocities and values for 
the Reynolds number. 
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I. Introduction. 

Zinc belonf^a to the minor elements of the upper part of the earth’s 
erust. In 1924, F. W. Olart^e and H. S. Washington proposed 40 
p. p. m. (parts per million) as a mean coneentration in crystalline 
roeks. Fourteeii years later, a similar averaj?e was suggested by 
V. M. Goldschmidt (1938). Higher valiies were calculated, in 1926 
hy G. Berg — 60 p. p. m., in 1930 and 1934 by I. and W. Noddack 

— 200 and 75 p. p. m. Keeently, the writer proposed 100 p. p. in. 
as an approximate average for crystalline rocks (P. II. Lundegårdh 
1946 a, p. 143). 

As many other elements, zinc is locally concentrated into ores, 
owing to certain differentiations either of natural silicate melts 

— magmas, or of eroded matter, Magmatic enrichment mainly im- 
plies the formation of ZnS, spbaleritCy in gaseous or liquid emanations 
from magmas (pneumatolytic and hydrothermal enrichments). Con- 
centrations in eroded matter involve various inorganic and organic 
processes — weathering, solution, transport, precipitation, crystalli- 
zation, and, in animals and plants, biological accumulation (absorp- 
tion), The resulting ores are composed of sphalerite and/or galmei 

— a mixture of ZnCOs, smithsonite^ and H 2 Zn 2 Si 05 , calamine. The 

1 47490. Lanthrukshögskolami Annaler, Vol. 15. 
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former is the redueed zinc ore, which develops, inter alia, during the 
putrefaction of organie matter. The latter are the principal oxidized 
zinc minerals and thus occur in all weathered sphalerite deposits. 
The metallic zinc required for indiistrial purposes is derived from 
sphalerite and galmei. 

The distribution of zinc is governed by the primary availahility 
of the element, further hy its Chemical and physical properties, Accord- 
ing to the periodic classification of the Chemical elements, zinc 
has numher 30. It belongs to the fourth period, there situated 
between copper and galliurn, and to the right part of the third col- 
umn, there situated between magnesium and cadmium. The Oddo- 
Harkins rule of the availahility of the Chemical elements implies 
that atomic nucleuses of even numbers should generally be more 
freqiient than atomic nucleuses of odd numbers. The availahility 
of zinc should thus be greater or, at least, not lower than that of cop¬ 
per (no. 29) and that of galliurn (no. 31). This implies that the higher 
of the above averages of the zinc content of crystalline rocks should 
be more reliable than the lower ones, the average coi)per content of 
(Tystalline rocks being estimated to 100 i). p. m. (Golbschmidt 
1938). 

The low boiling-point of zinc, 907® O, is in accordance with the 
frequent and pronounced enrichments of the element in volatile, 
mobile differentiates of magmas (c/, above). 

The electronic structure of zinc is K ™ 2, L = 8, M — 18, N = 2. 
The ionization of zinc implies the loss of both eleclrons of the K 
level. The crystal radius of Zn+2 arnounts to 0.74 Å (L. Pauling 
1910, p. 346). In lattices of pure zinc minerals, zinc. is most fre- 
quently 4-fold co-ordinated, Tn gahnite (zinc-spinel): ZnAl 204 , wille- 
mite: Zn 2 Si 04 , and sphalerite, each zinc ion is thus co-ordinated by 
four oxygeii or sulphur ions. Tn many crystalline compounds of 
zinc, such as sphalerite, the structure is essentially covalent: 


Zn 


Special tetrahedral covalent radii have to be used in such crystals. 
The radius of zinc in this arrangement arnounts to 1.31 Å (Pauling 
1940, p. 179). When similarly arranged, magnesium shows a still 
higher radius, 1.40 A (Pauling l.e.). 

Smithsonite contains somewhat irregular octahedrons of six 
around one single Zn+ 2 , jn the carbonate lattice, zinc thus shows 
the same — 6-fold, co-ordination as its relative magnesium, crystal 
ionic radius = 0.65 Å (Pauling 1940, p. 346). In common spinel: 
MgAl 204 , on the other hand, Mg+* still appears in positions of 6- 
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fold co-ordinatioii, whereas iron-npinel: PeAl 204 has the same struc- 
ture as j?alinite, or ziiKJ-spinel. Iron and zinc are here mutually re- 
placeable (Fe ^ crystal radius = 0.75 Ä, according to Pauleng 1940, 
]). 350). Fiirthermore, forsterite: Mg 2 Si 04 and olivine: {Mg, Fe) 28 i 04 , 
whi(*h would be exx)eeted to resemble willemite, have all magnesium 
and iron co-ordinated by six oxygen ions. 6-fold co-ordination of 
magnesium and iron eharacterize biotite, amphibole and pyroxene, 
too. 

The lattiees of quartz and feldspar do not reeeive zinc. As these 
and the afore-mentioned Mg-Fe-silicates are th(». main minerals of 
the upi)er jiart of the erust, the zinc contained in ordinary crystalline 
ro(*k8 should accornpany magnesium and iron in 6-fold co-ordination. 

In the introduction to the Minor-element-voluine of Soil Science, 
published in 1945, Goldsoiimidt (1945, pp. 3—4) summarizes his 
(‘xtensive geochernieal experience and States, inter alia, that »In 
sueh cases when different ions of similar size and of the same charge 
(valency) substitute each other duriiig the crystallization of mine¬ 
rals from eooling igneous rocks, the sequence for entrance of the 
\arious ions into the crystal lattiees is generally the sequence of 
(lecreasing bond strength. The electrostatic bond strength, in cases 
of identical electric charge, is inversely proportional to the squares 
of the interionic distances: thereby the smallest ion is bonded pre- 
fcrentially. Thus magnesium ions are bonded before the somewhat 
larger ferrous ions, and these again in i)reference to the manganous 
ions. In those cases where electronic bonds are present besides ionic 
bonds, the integral sum of bond strength is decisive: therefore, nickel 
is concentrated in the earliest fraetions of magnesium silicates from 
magmas, even though nickel and magnesium have virtually identi¬ 
cal ionic radii; and chromium spinels crystallize before other spinellide 
minerals because of the contribution of electronic bonding in the 
minerals of trivalent chromium. 

Ionic substitution in minerals from magmas takes place not only 
between ions of identical charges having similar radii, but also in 
a great number of cases where ions of similar radii but different 
charge are concerned. In such cases the ion with higher ionic charge 
is captured in the crystal lattice in preference to the ion which has a 
lower charge. A very well known example is the series of plagioclase 
feldspars which are charaeterized by the substitution of divalent cal- 
cium for univalent sodium. Another example is the substitution 
between univalent lithium and divalent magnesium in certain mi¬ 
nerals of the mica group. In such cases the sequence of entrance 
into the crystals is again the sequence of bond strength, the highly 
ch arged ions being captured by the crystal lattice, the lower charged 
ions being admitted only when the supply of the normal lattice com- 
ponents is nearly exhausted.» 

These rules give the reasons why magnesium (Mg+®, crystal ra- 
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dilis == 0.65 Å, ef, abo ve) and ainoiig minor elements chromium, 
as well as nickel (Cr^3^^() (}4 ^ — 0.10 Å, botli erystal radii 

taken from Pauling 1940, j). 350), are in general eoncentrated to 
tlie Mg-Fe-minerals of early magmatic differentiates. They also 
indicate tliat zinc (Zn+2^ erystal radius = 0.74 Å, ef. above), as well 
as divalent iron (Pe+^y erystal radius = 0.75 A, cf. above), should 
be enridied in the Mg-Fe-minerals of late magmatic differentiates. 
The volatility and erystal chemistry of zine should thus tend to 
concentrate the element into the same — the late, magmatic differ¬ 
entiates. In Ch. 111, we shall in various magmatic rocks study the 
significance of this double tendeney. 

As regards the solubility of zinc minerals, the following data will 
be given. Smithsonite, the neutral zinc earbonate, is difficultly 
soluble in pure cold water — at 15^ (3 100 ml. water dissolve only 
about 1 mg. of this compound. The basic zine earbonate — hydro- 
zineite: 2 ZnCOg. 3 (or 4) Zn(OH) 2 , as well as the eommon zinc 
sulphide and silicates — sphalerite, calamine and willemite, are al¬ 
most or totally insoluble in pure water. A t 18° C 100 ml. water can 
thus receive no more than 0.065 mg. sphalerite. On the other hand, 
all these zinc minerals are dissol ved by dilute acids, such as carbon- 
ated water, the sulphide and silicates being primarily decomposed — 
weathered, however. Weatherings and/or Solutions of zinc minerals 
under the influenee of carbonated water and, frequently, dilute acids 
derived from plant roots are, indeed, very important in the sediment- 
ary eireulation of the element. In the oxidiz(‘d zone, viz. at or near 
the surface of the crust, the zinc sulphide is rather easily transformed 
into zinc sulphate. W. Lindgren States (1933, pp. 851—52): »ITnless 
limestone or some other precipitant is available, the zinc of the oxid- 
ized zone is rapidly dispersed as sulphate, and many exarnples are 
known of zinc-bearing sulphide deposits from the oxidized part of 
which the metal has wholly disappeared. Zinc is, in faet, the most 
mobile of the comraon metals in ore deposits.» 

Galrnei and hydrozincite sometimes oceur in soils and there exert 
a stimulative influenee upon growing plants. For dry plant raatter 
from such soils, very high zinc concentrations, 700 å 800 p. p. m., 
have been determined, whereas dry plants from normal soils con- 
tain 5—40, most frequently 15—30, p. p. m. zinc (c/., inter alia, 
El. L. Mitchell 1944, p. 188, Table 7). In dried leaves of wheat grown 
up during six weeks on ordinary field clay at Uppsala, Sweden, the 
writer found c. 20 p. p. m. zinc. The zinc content of the clay was 
simultaneously determined to 230 p. p. m. (Table XI, D.) 

As early as in 1912, M. Javillibb recommended the use of zinc as 
a fertilizer for corn and some other crops. His work was, however, 
for a long time considered as rather hypothetical, Xot until the in- 
vestigations by A. L. Sommer and C. B. Lipman (1926, 1928) was 
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zinc generally acecpted as a plant rmtrient. Up to the present time, 
a great mimber of papers concerning the ecological röle of zinc have 
appeared, especially in U. S. A. (ef. L. G. Willis 1939, with later 
supplements, and A. F. Camp 1945). Among jdant physiologists, 
the metal is now widely accepted as an iniportant minor element. 

A certain interest has been paid to the influence of zinc upon 
Citrus. There, as well as in other plants, deficiency of the element 
eauses leaf cMorosifi. Normal citrus leaves contain 25—50 p. p. m. 
zinc in dry matter, chlorotic leaves only 3—10 p. p. m. Accordingly, 
it has been postulated that zinc is related to the formation of chloro- 
pliyll (Camp 1945, pp. 158—159), probably in some enzymatic way 
(ef. L. F. Batley and J. 8. McUargue 1944, p. 113). As has been 
stressed by Camp (1945, p. 158), the normal content and deficient 
level of zinc vary from one fdant to another, however. The citrus 
A^alues are thus not generally applicable. 

In Sweden, H. Li^\degårt)ii (1927) has studied the ecological 
significance of zinc. In 1926, this investigator visited a factory for 
the disintegration and roasting of splialerite, situated in ^i^outhern 
Dalecarlia, (\uit.ral Sweden. lie there examined various soils and 
growing plants. He found extraordinarily large crops of Aira flex- 
uosa^ Triiieum repem, Trifolium praterise and Artemisia eampestris^ 
further of various spedes of Alnus, Nasturtium, Matricaria, lianun- 
eulus and Uumex, on soils contaminated by disintegrated and washed 
si)halerite (op. cit., p. 7). Investigations on the germination of oats 
(*arried out by the same writer show a faint stiinulative effect on 
addition of n/GO 000—n/300 000 ZnS 04 . Even when approaching 
Zn - ■ n/l 500, no distinct depression of the germination was traced. 
As regards clover, a distinct depression became visible on addition 
of Solutions containing more than n/15 000 Zn (op. cit., p. 11). 

* Zinc also plays an important röle in animal nutrition, positive 
when added in small quantities, otlierwise negative (zinc poisoning, 
see, inter alia, E. Fröhner 1927, pp. 109—111). Several investiga¬ 
tions on zinc as a component of vertebrates and invertebrates have 
been made. Certain interest has been paid to sea organisms, many 
of which concentrate zinc largely. Ocean water contains in average 
0.002 p. p. m., or mg. per liter (Lindgren 1933, p. 27), a very low 
figure, indeed, as compared with the following data obtained by 
analyses of a number of recent, aquatie invertebrates, all of which 
except Astacus fluviatilis are marine. These data have been collected 
by A. P. ViNOGRADOV for his papers of 1938 and 1944, where the ori¬ 
ginals will also be found. If nothing else is stated, the figures mean 
p. p. m. zinc of whole animals. 


I. Oftsteropods. Frosh mattor Dry mattor Ash. 

Littorina littorea . 38 162 

,> ^ . 49 261 1280 

» obtMsaia . 56 251 1010 






6 


Per H. Lundogårdli 


Fresh mattor Dry matter 

Patella vulgata . 43 162 

» » . 39 160 

Buccinum undatum . 50 160 

Purpura lapillus . 46 160 

JT. LamellibranchiatoB (muBsels) 

Mytil US edulis . 

» » . 

» » . 

» » . 

Ostrea edulis . 

» » . 

» » . 

» » . 

>> » . 

Tapes decumnt us . 

» » . 

» aiireus . 

('ardiiwi edule . 

»> » . 

» tiorvegicum . 

Pectcn maximus . 

» vari US . 

Mya nrenaria . 

» » . 


TelUna crassa . 

» tenuis . 

Bcrohicnlaria piperata 

Dosinia exolela . 

Lutrana cUiptica. . . . 
Donax tnmchulus ,,., 


TII. CruBtaoeans. 

Idothea sp . - — 

Gammarus ap . -- — 

Lcpas onatifera . 4? 393 

» » . 27 122 

Palin uriis vulgariSy blood. -' 160 

» » , liver. - 152 

Liwulus polyphemuSy organs (incl. liver). . .. — 530 

» , blood. ■' 56 

Camharus af finis . ' — 

Homarus americanus . 

Callinectea sapidus . — — 

Cancer pagurus . 162 

Aatacus fluviatilis . 17 — 

» » . 21 

» , musflcs. — 355 


21 

113 

41 

232 

- 

106 

201 

1145 

310 

1460 

260 

— 

_ 

c. 1000 

17 

102 

44 

254 

45 

294 

14 

66 

4() 

326 

38 

160 

59 

442 

52 

314 

39 

253 

77 


80 

640 

157 

369 

26 

405 

74 

234 

95 

585 

174 

1005 


Anh. 

815 

1480 

860 


1150 


7800 

4280 


1530 

1280 

760 

1410 

1620 

1100 

1360 

955 

1095 

2140 

815 

1190 

1820 

2170 


630 

775 


320 

160 

1220 


For tiho purpose of comparison, we shall also consider some anal- 
yses of fishes, collected by Vinogbadov (1944, p. 132): 

Fresh mattor Dry matter Ash. 

Pleuronectea ap, (flounder). — 14 —• 

Oadua morrhua (ood), liver. — — 92 
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Fresh matter Dry matter 

Gadus 7nacrocephalu8 (cod-fish). — 

Merluccius vulgaris (hake). — 55 

Clupea harengiia (herring). — 22 

» » (herring). — 50 

» piMutrdua (herring). — 29 


Aöh. 

125 


As regards the composition of various organs of molluscs, Vino- 
GRADOV States: »The gland tissue of the liver shows the highest en- 
richments of zinc encountered in molluscs. Among lamellibranchi- 
ates, (‘ertain species of Ostrea concentrate the bulk of the received 
zinc into liver and other organs. The metal is there included in 
eomplex organic compounds. Similar zinc-bearing compounds occur 
in the tissues and blood of all molluscs analysed. The reception and 
distribution of zinc in these seem to depend on the evolution of their 
nucleoproteides» (This quotation has been translated from the Rus- 
sian original of 1938 and inost kindly placed at my disposal by Dr. 
1. Hesöland of the University of Uppsala). 

Among further contributions to the knowledge of zinc as a com- 
ponent of sea animals, mention should be made of a paper by I. and 
W. Nodback (1939). These writers deterniined zinc on dry matter 
of the following species. If nothing else is stated, the figures mean 
p. 1 ). m. of whole animals. 


Ascidia: Cionn intcstinalia . 330 

Spongos: Halichondiia . 150 

Aralophs (jellyfishcjs): Cyanea capillata . 1550 

Actinias (sea-aneinones): Metridiurn dianthiw . 1400 

Holothiiriaris (»ca-elugs): JStichopus trcmuhatn bowels. 140 

Echinoida (sea-nrchins): Briasopttis lyrijeruy nholls. 65 

Astoroids (HtarfiMhes): Asteriaa rubena, bowcls. J60 

l^abrida^ (wrasses): Ctenolabraa rupeatria . 140 

»Solachians (sharks): Sqaaliia acanthiua, bowel». 155 


In the various mammais analysed, zinc is concentrated into the 
central nervous system, the genitals, liver and thymus. Even em¬ 
bryos show considerable amounts of zinc. Furtliermore, the metal 
has been traced in milk and urine. The average zinc content of 
niammals seems to be about 30 p. p, m. of fresh matter (c/, 
(h Oppejsheimer 1933, pp. 11—12). Eabbits have 44—49, cats 33, 
guineapigs 23—56, mice 25—42, and rats 29 p. p. m. zinc (K. 
PiRSCHLE 1939, p. 325). According to various data collected by J. 
Möllerström (1943, pp. 391—92), human body contains about 20 
(Fe c. 40) and human blood 5.2 p. p. m. zinc. Human hypophysis 
(‘ontains as much as 1120 p. p. m. zinc. Such an enrichment appar- 
ently depends upon some physiological function of the element. 
Much attention has also been paid to the application of zinc to thera- 
peutics. The insulin injected into persons suffering from diabetes 
has, for instance, been combined with zinc, in order to attain an in- 
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tensification of its stimulative effect (rj. Mölleesteöm 1943, pp. 
390—95). D. A. ScoTT and A. M. Fisuee (1936, cf. also Fishee— 
Scoh' 1936) have been studying the influeuce of additions of zinc 
as well as of protamine to insulin. Acoording to their expcrience, 
the addition of protamine to ordinary insulin prolongs the 8p(*cial 
physiological aetivity of the latter — the hypoglycaemic action. 
Furthermore, they State that the combination of a small amount 
of zinc with the insulin before adding the protamine greatly sustains 
the hypoglycaemic action. Nowadays, injeetions of insulin with 
zinc protamine are generally accepted as a standard method in 
therapeutics. This method combines a prolonged and intensified 
stimulation, effected by the presence of zinc and protamine in the 
dose injected, with a reduction of the number of injeetions necessary 
per tiine unit. 

The physiological funetion of zinc has neciessitated a thorough 
investigation of its distribution and mode of oceurrene-e in rocks and 
minerals as well as in soils and waters. Many data are here already 
available, especially from ore-bearing regions. Various splialerites 
have thus been carefully studied rogarding their development and 
their association with other elements (see O. Gabeielson 1945 and 
the literature there cited). In this respeet, fairly little work seems 
to remain, whereas ordinary sediments and erystalline rocks certainly 
need further investigations. The principal aim of the present paper 
will therefore be a study of the distribution of zinc in such kinds of 
matter. Special interest will be paid to the (irystallinc rocks of 
easternmost Central Sweden. In addition, a number of soils from this 
region, as well as various rocks and sediments from other parts of 
Sweden, will be considered. 

The analytical work was performed by means of spectrographic 
methods during my last winter stays at the Tnstitute of Plant Phy- 
siology, the Agricultural College of Sweden. The instrumental equip- 
ments required were placed at my disposal by the head of this in- 
stitute. Prof. H. Litndegärdii. Several rock samples from the 
Southern part of easternmost Central Sweden were obtained from 
Dr. N. SuNDius of the Geological Survey of Sweden. Prof. S. Matt¬ 
son of the Agricultural College of Sweden furnished me with a series 
of Chemical analyses and peat samples from the upper ombrogenic 
zone of Eamna bog in Scania. Three rock samples from Lappland 
were handed to me by Dr. E. Ljungnee of the University of Upp¬ 
sala. 

To these scientists I should like to express my gratitude. For 
financial support I am obliged to Statens Tekniska Forskningsråd. 
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Aspects to the Determination of Zinc 

IT. Analytic Methods. 

By mcans of Chemical and polarographic methods, zinc can be 
determined exactly, even when present in very small quantities. The 
Chemical analysis is, liowever, very intricate, at least when applied 
to minute amounts, whereas the polaro^aphic method is always 
convenient and fairly accurate (C. S. Piper 1944, p. 350//.). 

8pectro^raphic methods have also been applied to the determina¬ 
tion of zinc. On analysin^? zinc-hearing Solutions by means of the 
11. Lunbegärdii ilame method (H. Lundegärdh 1934, p. 39//.), 
implyinp: the heatin^r of continuous spray currents in a flame of ace- 
tylene, the slow cxvitation of the zinc atom, liowever, reduces the 
aiialyti(j sensivity to about 0.5 m (II. Lundegårdh 1934, j). 66). 

On the other liand, are analysis of stationary, dry samples would 
seem to be ralher apt to the determination even of small concentra- 
tions of zinc. This method, liowever, requires sliort spectrojjraphic 
exposures immediately af ter the starts of the arcs, on account of 
the hi^h tempcTatiire attained and the resultinj?, rapid volatilization 
of the metal (Zn, boilinjr-point 907''("). When iraces of zinc are 
to be determined, the arcs have therefore to be projected on the 
slit of the spectroj?rapli, in order to attain sufficient intensity of 
the spectrum. Furth(»rmore, rapid photographic plates have to be 
used. 

For my zinc investi^^ations, T chose the rapid are method and con- 
strueted the are holder stand depicled in Fi^r. 1. The electrode gap 
is liere constantly held at 3.5 mm. The are (110 volts d. c., 4 arnps) 
is magnified eight times and projected on the slit (width 0.025 
inm.) of a large Hilger quartz spectrograph (Littrow system, 8 000 
—2 000 Å 0 . 670 mm.) by means of a quartz lens (f 70 mm.). 

Araong various zinc lines, 3 345.02 A (neutral atom line) is suitable 
for quantitative determinations by means of panchromatic i)lates. 
The intensity of this line may, however, become abnorrnally high 
when samples rich in iron (Fe > 50 %) are analysed (c/. C. G. Carls¬ 
son 1945, p. 235). Furthermore, rapid combustion of carbon and 
formation of COg constantly disturb the emission of zinc. In this 
case, 3 345.02 Å as well as the adjacent, weaker zinc line = 3 345.57 
Å vanish, whereas a diffuse line immediately below 3 345.0 Å appears 
in the spectrum. The carbon of zinc-bearing carbonates and or- 
ganic matters has thus to be removed before their zinc can be de¬ 
termined spectroscopically. 

In view of the above statements, it would seem impossible to at- 
tain a satisfaetory emission of zinc by means of carbon electrodes. 
^one the less, good emission and, in addition, the highest possible 
sensitivity is here a rule, provided that rapid combustion of the 
<^lectrode material is avoided. For my are determinations of zinc, 
I always used ref ined 8 mm. carbon electrodes. The bore was con- 
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of Sweden. 


stantly 6 nmi. in depth and 5 mm. in diameter. Aecordingly, no 
weigliings of samples of uniform density were necessary if only the 
powders were constantly packed in the same manner and up to the 
same level of the bore (1 mm. below the tip of the electrode). 

As was just mentioned, the carbon electrodes have to be protected 
against rapid burning. If necessary, the samples should be mixed 
with some volatile compound easily ionized (conductive) in the 
gaseous State. Granites and sandstones, which are both rich in 
quartz, have, for instanoe, to be added some NaOl in order to pre- 
vent a rapid volatilization of SiOg and a simultaneous intensification 
of the combnstion of the tip of the bore electrode. Such an addition, 
however, weakens the intensity of the zinc spectmm, owing to the 




















Aspects to the Determination of Zinc 


11 



¥ig. 2. Docrease of the emission of zinc on addition of elements of low first ioniza- 
tion potential (spectral substance ~ a rock powdor). Ordinata correctional fac- 
tfir giving the true concentration of zinc whon the rock powder is compared with 
a senes of synthotic standard substancos. In the pure ro(‘k powder this factor was 
detorrnined to 0.5. Abscissa — the additional quantities (weight-%) of each special 
onc of the three disturbmg elements considered (after P. H. Lundegärdh 194() a). 


slow excitation and ionization of the zinc* atom — the first ionization 
potential of the inetal amounts to 9.36 volts. Fi^f. 2 shows the de- 
erease of the emission of zinc on addition of a number of elements 
of low" first ionization potential. Additions of >Ia01 to samples 
very poor in zinc have thus to be avoided, in spite of the resultant 
constancy of the zinc emission. 

On redueing the duration of each exposure to 15 sec. and the in- 
evitable pause between the start of the are and the exposure (’the 
preparatory heating’) to about 5 sec., 1 eould, indeed, determine 
zinc directly even on a nurnber of granitic rocks (sec the tables). 
The success of this method owes to the fac^t that the SiOg volatiliza- 
tion is very slow immediately after the start of the are. In sueh a 
ease, it is, of course, impossible to use the Mannkopff—Peterh 
ruethod, which implies the completc volatilization of the sample 
tofjether with part of the carbon electrodes used (E. Mannkopff and 
Ob. Peters 1931). The less volatilization of electrode material and 
sample, the better accuracy of the spectrographic determination of 
zinc. Even in the analysis of basic silicate rocks, which are rather 
apt for direct determination of zinc, I used similar short and early 
<*xposures. 

The only reliable standards for the spectrographic determination 
of zinc are, of course, those showing the same physical and Chemical 
properties as the samples. On investigating gabbro samples, for in- 
stance, the standards have to be prepared by Chemical analysis of 
part of the samples. 
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The sensitivity of the spectral analysis of zinc to a largo extent 
depends on the photographic plates used. During an early part of 
this investigation, I exposed the spectra of certain rock samples on 
Agfa Eot Eapid plates and was then able to determine Zn < 10 
p. p. m, quantitatively (see P. II. Lundegårdh, 1946 a). Later, 
all samples were analysed by nieans of Ilford Rapid Panehromatic 
plates, whieh give a lower analytic sensitivity, Zn = 35 å 40 p. p. m. 
in rocks and c, 50 p. p. m. in plant ash. The sensitivity varies to 
soine extent, owing to small differenees between the plates of differ- 
ent boxes. 

The transparencies of Zn = 3 345.02 Å and the background close 
to this line were measured by means of a H. Lundegårdh photo- 
meter (H. Lundegårdh 1936, p. 63 //.). The density, log H/L (H == 
background transparency, L == line transparency), was always re- 
presented by the y-axis of a diagram showing log C on the x-axis 
(see Fig. 3). 

As regards the accuracy of the are analysis of zinc in rocks, I have 
published a number of statistical data in a previous paper (P. H. 
Lundegåedh 1946 a, p. 23, Table 6). In acid and basic rocks, I 
determined 16 % when the zinc concentrations — always averages 
of two parallel determinations, were above 80 p. p. m. and a ^ 20 % 
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when the concentrations were below 80 p. p. m. (from 80 to about 
35 p. p. m.)» Furthermore, the absence of systernatic errors in the 
are analysis of zinc in rocks was proved by the construetion of a 
frequency distribution curve similar to that reproduced in P. H. 
Lundegåhdh 1946 a (p. 20). On the other hand, the accuracy of 
are. analysis as applied to zinc in organic matters is not yet sufficiently 
investigated, although in general, cr does not seem to amount to more 
t han 20 ä 25 % (c/. Piper 1944, p. 352). 

Jiegarding other methodological contributions to the spectrogra- 
phic determination of zinc, mention should bo made of a paper by 
H. J. OöUREY, J. W. Ballarb and H. H. Schrenk (1941). These 
authors ha ve been studyiiig the distribution of lead, cadmium and 
zin(* in dusts, furnes and ores. They dissolved their samples in TINO 3 
and moistened pairs of 1 mm. <*opper electrodes with the Solutions. 
The electrodes were afterwards dried and placed close together 
(gap 1 rnni.). Tlie tips of the electrodes were exeited by means 
of a high-voltage alternating are (2 200 volts a. c.). The are light was 
refraeted and photographed in a large Littrow spectrograph (8 000 — 

2 100 A — 700 mm.), provided with a rotating step sector in front 
of tlu». slit (width 0.050 mm.). The speetral line intensities were 
in(*asured in a non-recording photoele<*tric den si tometer. Using 
bismuth as a referenee element, the three investigators could deter- 
mine Zn = 0.005—1.0 mg per ml. solution, with an average error = 
6 %. Quantities lower than 0.005 mg. were not determinable, owing 
to the pr(\sence of disturbing copper bands near the zinc line measured, 

3 345.02 A. 

When investigating rocks and minerals from the ore-bearing region 
of Harz, Germany, J. Ottemann (1941) heated his samples at 1 200°C 
in an electric.al oven and then collected and condensed the comj)ound 8 
volatilized. He thus obtained a concentrate of volatile elements such 
iis tin and zinc, which were afterwards determined by means of are 
analysis. Ottemann’s method is laborious. On the other hand, it 
lias turned out to be fairly aecurate and very Henaitive — I*b, Sn, TI, 
and Zn > 0.001—0.005 p. p. m. of whole samples can be determined 
hy means of it. 

In a previous paper (P. II. Lunbegårbh 1946 b), I have described 
the spectrographic determination of phosphorus in plants. The 
luethod there used was originally developed by K. Pfeilsticker 
(1937,1940). It implies the application of an intermittent are, started 
hy a high-voltage spark, to the spectrographic determinations of 
various elements. The method has proved successful in a great many 
< ases, inier alia when studying the distribution of boron in various 
^wedish rocks and sediments (see 8 . Landebgeen 1945, and P. H. 
Ltjndegäedh 1946 a, 1946 b, 1947). I have also tried to apply the 
Pfeilsticker method to the determination of zinc, using various 
clectrode materials. On interrupting the are at constant intervals. 
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the excitatioii of the zinc atom becomes, however, unsatisfactory 
(ej, above). Besides, carbon electrodes are even here most suitable 
(ej. p. 9), and carbon does not require the use of interrnittent arcs, 
owing to its high melting-point. 

Table T. Zinv., p, p, m, of granite and similar rocks from the Archaei- 
cum of casternmost Central Sweden, (In this table, and the following 
ones of the same kind, the oldest rocks analysed will he given first.) 

Armlyst: P. H. Lfndegärdh. 

A. Leptite and leptite yueiss {grey-red to grey, very jinc-grained^ granoblastic 
rocks composed of quartz, plagioclaact hiotite, and, jreqiiently, microcline). 

Leptite gneiss, remnant in gneissic plagioclase-granite (boo below: B), 7 km. 

ENE of Norrtälje. 100 

Do., layers altcrnating with leptite, 4 km. WNW of Norrtälje. 100 

Leptite, layers alternating with leptite gneiss, 4 km. WNW of Norrtälje 100 

Leptite gneisB, ö km. NW of Norrtälje. 200 

Do., Östra Lagno NE of Stockliolm. 300 

Leptite, Ladholmen 8 of Runmaro, ESE of Stoekholm. -. 1 r> 

Do., Lirnskär S of Runmaro. <15 

Do., Trätskär E of Nämdö, ESE of Stockholm. 50 

B. Grey plagioclase ^granite — grey, jemic^ to intermediatc^ nrgranile, 

Plagioclase-granite (Uppsala granite), Uppsala. 200 

Plagioclase-granito, gnoissic (grey gneiss-granite), 10 km. ENE of Norrtälje 50 

Do., do., Norrtälje. 50 

Do., do., rich in microcline, 5 km. SE of Norrtälje. 250 

PlagioclÉWo-granite, gneissie (grey gneiss-granite), 5 km. S of Norrtälje.. . . 240 

Do., do., 9 km. SSÉ of Norrtälje. 100 

Do., do., with pink microcline eyes, 9 km. SSE of Norrtälje. 120 

Plagioclcuse-granite, gneissie (grey gneiss-granite), 10 km. S of Norrtälje 150 

Do., do., 6 km. WSW of Norrtälje. 100 

Plagioclase-granite, 8 km. SSW of Norrtälje. 180 

Do., gneissie (grey gneiss-granite), 2.5 km. E of Borgshamra, S of Norrtälje. 140 

Do., do., Bergshamra. 200 

Do., do., 2 km. NW of Vättorshaga, S of Norrtälje. 180 

Do., do., Pälsundet near Vaxholm. 100 

Do., do., with pink microcline eyes, 10 km. W of Sandhamn, E of Stockholm 150 
Plagioclase-granite, gneissie (grey gneiss-granite), S of Vondelso, SSE of 

Stockholm. 120 

Do., do., Handen SSE of Stockholm. 150 

C. Grey to red plagioclase-microcline-granite grey to red, salic^ urgranite. 

Red to grey-red plagioclase-microcline-granite, gneissie (Vänge granite). 

Vänge W of Uppsala. 80 

Grey plagioolase-microcline-granite, gneissie (Arnö granite), Gottröra W of 

Rimbo, between Uppsala and Norrtälje. 40 

Grey-red, porphyritic plagioclase-microcline-granite, gneissie (red-grey 

'augengneiaa^), 7 km. S of Norrtälje. <5 

^ femic ^ rich in Fe-Mg-minerals, moderately acid (in the case of granite); sa- 
lic dominated by Si, especially, and Al, very acid (in the case of granite); inter- 
mediate - between femic and salic. 
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Red-grey do., gneissic (red-grey 'augengnei88\ 9 km. S of Non-tälje... <5 
Pink plagioclaso-microcline-granite, gneiasic (pink gneiss-granite), 12 km. 

8 of Norrtälje. 30 

Do., do., 3 km. SE of Bergshamra, S of Norrtälje. <15 

Red do., gneissic (red gneiss-granite), Villinge E of Omö, 8E of Stock¬ 
holm . 40 

D. Red plagioclase-^nicrocline-granite = Vätö grnnite. 

Plagioclase-microcline-granite, Vätö ENE of Norrtälje. <5 

Do., 10 km. SSE of Norrtälje. <5 

Do., aplitic dike, 9 km. S of Norrtälje. <Ö 

Do., do., 9 km. SSE of Norrtälje. <5 

l^lagioclase-microcline-granite, Roslags Kulla NE of Stockholm. <15 

E. Orpjf to grey-red plagioclase-microcline-yneiaa -- veined gnetss. 

Red-grey plagioclase-microcline-gneiss, 9 km. S of Norrtälje. 100 

(Irey do., garnet-bearing, Segeltorp 8W of Stockholm. 350 

Do., do.. Långbro SSW of Stockholm. 200 

(hey-red plagioclase-rnicrocline-gneiss, Saltsjöbaden. 15() 


E. Grey plagiockifte-wicrocline-grämts and aplite “ Stockholm grnnite and 


rvlated rocka. 

Plagioclase-microcline-granite, Stockholm. <5 

J)o., dike, 0 km. S of Norrtälje. 50 

Do., minor aplitic dike, 5 km. SE of Norrtälje. <5 

Plagioclase-aplite, minor dike, the Grovstanas massif S of Norrtälje.... 70 
Plagioclaso-inicrocline-aplite, marginal variety of pegmatito related to the 

Stockholm granite, the Grovstanas massif. 500 


Tilblo ir. Zine, p. p, m, of granodiorite and quartz-syenite from the 
Arehaeienyn of easternmosi Central Sweden, 

Analyat: P. H. LuNUJfioÄRDH. 


A. Granodiorite helonging to the urgranite auite. 

Granodiorite, dark grey, 5 km. SSW of Norrtälje. löO 

Do., 7 km. SSW of Norrtälje. 210 

Do., 7 km. S of Norrtälje. 200 

Do., 8 km. SSE of Norrtälje (chemical analysis by A. G. Hibbinette) 180 

R. Quartz-ayenite helonging to the urganite auite. 

Grey quartz-syenite, Östanä NE of Stockholm. 250 

Do., österskär NE of Stockholm. 180 

Red (piartz-syenite, with inicrocUne eyes, österskär. 200 


Table III. Zinc, p. p, m, of quartz-diorite^ and dioriie from the Ar- 
chaeicum of easternmost Central Sweden. 

Analyst: P. H. Lundegårdh. 

A. Qiiartz-diorite helonging to the urgranite auite. 

Qiiartz-diorite, 9 km. S of Norrtälje. 110 

^ The basic rocks representod in the tables of this paper — quartz-diorite, diorite, 
gabbro, amphibolite, diabase, basalt etc., are — nothing else being stated — grey to 
black, when amphibole-bearing most frequently greenish. 
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Do., 13 km. SSE of Norrtälje. 200 

Do., Ornö SE of Stockholm.. 70 

Do., contact-metamorphic plagioclase-granite (Table T, B) near intrusive, 

iiltra-basic gabbro (Tablo IV, B—C), 11 km. S of Norrtälje. 120 

Do., do., 10 km. E of Djursholm. 120 

B. Diorite helonying to the urgranite suite. 

Dionte, 9 km. S of Norrtälje. 120 

Do., 10 km. SSE of Norrtälje. 80 

Table IV. Zinc^ p, p. m. of gabbro and similar rocks from the Ar- 
chaeicum of easternmost Central Sweden. 

Analyst: P. H. Lundegårdh. 

A. Gabbro belongtng to the urgranite suite. 

Oabbro, Vltuna S of Uppsala. 70 

Pyroxeiiito-hornblendite, romriaiits in plagioclase-granite (Table T, B), 11 

km. S of Norrtälje. 260 

Norito, Valsjon, Margrotolund NE of Stockholm. 55 

Mafic' gabbro, Våno, Runmaro E of Stockholm. 130 

Gabbro, Kasto S of Nanido, ESE of Stockholm. 50 

Altored peridotite, Orno huvud SE of Stockholm. 55 

Mafic gabbro, Ornö huvud. 140 

Amphibole-gabbro, Ornö huvud. 130 

B. Early ultra-hasic gabbro, plutonic. 

Amphibole-gabbro (altered diallago-gabbro), the Kådmanso massif E of 

Norrtälje.. i. 25—30 

Diallago-gabbro, mafic, the Rådmanso massif. 350 

Anorthosjte*, the Grovstanäs massif S of Norrtälje. 

Allivalito, the Grovstanas massif. 70 

Altered peridotite, the Grovstanas massif. 250 

Norite, the Grovstanas massif. 250 

Peridotite, the Fastarby massif SW of Norrtälje. 100 

Amphibole-gabbro (altered diallago-gabbro), the Lagboda massif SSW of 

Norrtälje. 80 

Olivine-gabbro, mafic, the Ruggsattra massif NE of Stockholm. 100 

C. Late ultra-basic gabbro, plutonic. 

Olivine-gabbro, mafic (marginal variety), the Rudinansö massif. 100 

Allivalito (marginal variety), the Rådmanso massif. 55 

Porphyritic allivalite, the Rådmanso massif. 160 

Amphibole-gabbro (altered diallago-gabbro), the Mellingeholm massif S of 

Norrtälje. 140 

Amphibole-gabbro (altered olivine-gabbro), the Beateberg massif SW of 

Norrtälje . 75 

Diallage-gabbro, the Beateberg massif. 45 

Amphibole-gabbro, minor intrusion, the Grovstanäs massif. 15—20 

Amphibole-gabbro, the Storsjö massif SW of Norrtälje. 50 

Allivalite (marginal variety), the Fastarby massif. 40 

Norite, the Sundby massif E of Djursholm. 65 


^ dominated by dark minerals, viz. Mg-Fe-minerals. 

* greyish or greenish white, mono-mineralic rock composed of calcic feldspar. 
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Table V. Zinc^ p» p, m, of amphibolite and similar rocTcs from the 
Archaeicum of easternmost Central Sweden. 

Analyst: P. H. Lundeoåbdh. 


A. Amphibolite older than the urgranite suite. 

Amphibolite, layers altornating with leptite and leptito gneiss (Table I, A), 

4 km. WNW of Norrtälje. 70 

Do., remnanis in plagioclase>granite (Table I, B), 10 km. ENE of Norr¬ 
tälje . 90 

Do., do., 5 km. S of Norrtälje. 150 

Do., (lo., 5 km. SSW of Norrtälje. 400 

Do., do., 9 km. S of Norrtälje. 350 

Do., do., liorgHhamra . 180 

15. Eftrlif (fltm-baftic gahbro (cf. Table 7F, B)^ dike, 

Amf)hibolit(', minor apophyHis from the Grovstanas rnassif (chernieal ana- 

lysiH by A. G. Hybbinette) . J10 

(\ Lfitr and latent ultra-hnaic gabbro (cf. Table IV. G), diken. 

Arnphibol('-porphyrite, major dike, 8 km. 8 of Norrtälje. 240 

llornblendite. rniiior dike, the Grovatanäs mansif. 230 

Ultra-basie, amphibolite, minor dike, the Grovetanas rnaasif. 250 

Ainphibol('-gabl)ro (latent ultra-basic gabbro), minor dike, the RådmaiiKO 

masHif. 300 


D. AmphiboUle and related rocka, dikea youngci than the Piho granite bnt 
older than the Stockholm granite. 

Meta-andesite, or andenitie meta-lamprijphyre, miiu^r dikc, 5 km. 8SW of 


Norrtälje. 230 

Aplitic Hogivgations in do., 5 km. SSW of Norrtälje. 180 

M('ta-ando8it(*, or andesitic meta-lamprophyrc, major dike, 0 km. SSW of 

Norrtälje. 250 

Do., do., 10 km. 8SE of Norrtälje. 200 

Amphibolite (meta-basalt), minor dike, Norrtälje. 00 

Do., major dike, 2 km. S of Norrtälje (ehemieal analysis by A. G. Hvbbi- 

N15TTE) . 230 

Do., minor dike, 8 km. S8W of Norrtäljo. 80 

Do., do., 9 km. SSE of Norrtälje. 200 

Do., parallel do., 9 km. SSE of Norrtälje. 200 


Table VI. The distribution of zinc (p. p. m.) in the Archaeicum of 
easternmost Central Sweden. 

1. The varioiia rocka analysed. 

'lablft 

I, A. Leptite and leptite gneiss, N =- 8, variation — <15 — 300, M -- 110. 

1, B. Grey, femic to intormediate urgranite, N ^ 17, var. = 50—250, M — 150, 
T, C. Grey to red, salic urgranite, N 7, var. = <5—80, M — 30. 

T, D. Vätö granite (incl. aplitic dikos), N = 5, var. — <5—<15, M <10. 

I, E. Voined gneiss, N = 4, var. - 100—350, M = 200. 

I, F. Stockholm granite and related aplite (incl. dikes), N — 5, var. = <5— 
500, M of the granite probably <25. 

IT. Granodiorite and quartz-syenite belonging to the urgranite suite, N = 
7, var. = 160—250, M = 200. 

III. Quartz-diorite and diorite belonging to the mgranite suite, N = 7, var. 
70—200, M =- 120. 

2-47490. Lanthruhahögakolana Annaler. Vol. lö. 
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IV, A. Gabbro belonging to the urgranite suite, N - 8, var. = 50—250, M 110. 
IV, B. Karly ultra-basic gabbro, plutonie, N — 9, var. ^ <5—350, M - 140. 

IV. C. Late ultra-basic gabbro, plutonie, N — 10, var. - 15—160, M -- 75. 

V, A. Amphibolite, layers and remnants, N = 6, var. - 70— 400, M — 200. 

V, H. Early ultra-basic gabbro, minor diko, N •- 1, ii, -- 110. 

V, r. Late and latost ultra-basie gabbro, major and miruir dikes, N — 4, var. 
230 -300, M - 255. 

V, D. Amphibolite antl rclated roeks, mmor antl major dikes, segregations m 
dikes, N ~ 9, var. ~ 60' 2.50, M -- 180. Major dikes, N - 3, var. ~ 200— 
2.50, M - 230. 

2. Tha vartoifs groupf* of rochs annlysvd. 

I. Granite and similar roeks, N 45. var. — -,5—,500, M " 110. 

II. Granodiorite and quartz-syenite, N - 7, var. =r 160— 250, M = 200. 

III. Quartz-diorite and dionte, N = 7, var. ~ 70 200, M 120. 

iV. Gabbro and similar rocks, N — 27, var. •:.5—350, M — 110. 

V. Amphibolite and similar rocks, N -- 20, var. — 60 400, M - 200. 

3. 7'he analyacd rocks as a wholv. 

1- V'. N 107, var. — .5—500, M = 130. Whon the areal distribution of the 

rocks analysed la considered, we obtaiii M ~ 100 20. 4’his figuie can Ix» re- 

garded as approximatcly eorrespon<lmg to the mvan contvnt of zinc in the hcd-rock 
of casternmost (^entral tlwedcn. 


in. Zine in Cryslalline Rocks. 

The orystalline roc^ks are coniposed of two groupn. Those of 
first group original o from sili(*al e molts and Solutions. Tlioy aro 
('lassed as igneous, or magmatic. The erystalline ro('ks of seeond 
group eonstitute altered, igneouH-ayyearing sediments (see p. 25). 

In 1946 , 1 published a petrologieal and g(30C'hemioal study of the 
(*rystalline Andiaean rocks of (Vntral lloslagen in eastemmost (.'eiitral 
Swedeii (P. H. Litndegårbh 1946 a). The paper rnenlioned eon- 
tains several spectrographic determinations of zim*, fiirther a short 
diseussion of the regional distribution of this element (o/>. cit.^ p. 
143). For the bed-rock of (kuitral Roslagen, I eahdilated M, avid 
rocks (N ^ 31), ^ 140 p. p. m. and M, hasic rocks (N 15), = 180 
]). p. m. The areal distribution of th(‘ rocks analysed was to sonie (^x- 
tent ('Ousid(*re(l during the sampling. Most acid samples (N ^ 21) 
wer(' thus dc^rived from speciraens of the main rocks of the n^gion, 
old Ar(*baean gneiss-granite, viz, urgranite. On the basis of a high 
nurnber of zinc determinations made by various investigators (c/, the 
introduetion, p. 1 ), 1 finally suggested M, erystalline rocks, about 
100 p. p. rn. 

Later, rocks from other parts of eastemmost Central Sweden and 
various localities outside this region were investigated. Further, a 
nurnber of minerals and soils were analysed. The data thus obtained 
were united with my earlier aiialyses, the result being the tables of 
this paper. 
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Tables T—VI summarize my determinations of zinc in the crystah 
liiie Archaean rocks of easternmost Central Sweden. The data there 
irixen are as a whole fairly representative of the re^^ion mentioned. 
Besides, niy standard method of sampling has been a levelling one — 
iiiost rock powders analysed are general samples from fresh and 
homogeneous outerops. Local anomalies have thus been avoided. 
Owing to the limitation of my earlier work (see abo ve), the rocks of 
tlH‘ NE part of tlie region — Roslagen, are, however, pronouncedly 
over-represented in the tables. 

The medial zinc content of the bed-rock of easternmost Central 
Sweden, 100 ± 20 p. p. m. (Table VI), agrees with my average for 
(rystalUne rocks (see above) and does not differ very much from W. 
and 1. Noj:)DACk’s final (1934) average for the same group of rocks, 
75 p. p. m. (c/, p. 1). Eurther contribution to the distribution of 
ziii(‘ in crystalline rocks is given in Table X, which cnntains analyses 
of a luimber of reprcs(‘ntative Sw^edish rocks from localities outside 
(‘ast(*rninost (kmtral Hweden and of basaltic lava from Iceland. The 
average of these analyses amounts to 115 p. p. m. (N ^24, excl. 
aj)lit(‘ from a minor a(*id dike in Palaeozoic diabase, Mount Peljekajse, 
Lappland). 

In the introdiKdion I mentioned that the zin(» of ordinary crystalline 
ro(‘ks should be expected to be <*ontained in the Mg-Fe-silicates, 
th(»re replacing Mg * ^ and Fe’^ in 0-fold (*o-ordination. 1 further 
mentioned that- then* an* strong indications that the late Mg-Fe- 
sili(*ates of auy seqiiem-e of magmatic rocks should be rich(*r in zim* 
tlian the early ones. N. H. Brundin, indeed, separated various 
Mg-Fe-silicates from igneous rocks and found considerable amounts 
(jf zinc especially in biotite — the main Mg-Fe-mineral of late mag¬ 
matic differentiates, further in amphibole and augite (unpublished 
in\(*stiga-tions quoted by Goldschmidt 1938, p. 81). Spectral aiia- 
l.vsis of magmatic rock minerals from easternmost Central Sweden 
(Tables V'J1—Vril) has revealed enrichmeiits of zinc in biotite, 
pyroxene, garmd and amphibole, wlu*reas normal (ef, p. 24) quartz 
and f(*ldspar do not contain determinable quantities of the element. 
Of the various magmatic rocks represented in Table JX, the early, 
basi(‘ rocks have not concentrated zinc, although they are very rich 
in Mg-Fe-silicates. The highest contents of zinc are found in later, 
more acid differentiates, and in those later differentiates which show 
the highest contents of biotite. The final rocks of the table do not 
seeni t-o have dev(doped by (»rystallization of residual magmatic So¬ 
lutions, though they are mainly composed of quartz and feldspar. 
They are (*onsequently very poor in zinc and otlier volatile ele¬ 
ments (c. g, boron, see P. H. Litndegårdh 1946 a, pp. 58 and 82). 

As w^as mentioned in Ch. T, the Chemical and physical properties 
of zinc demand its occurrence in and, as a rule, its concentration into 
the volatile and mobile residual products of zinc-bearing magmas. 
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Table VTI. 7Anc^ p, p. m. of varians rock minerals from easternmost 

Central Sweden, 


Analyst: P. H. Lundegårdh. 

A. The imjntnite ttuiie. 

Magiiotite separated froiu pegmatite. Aspö S of Runrnarö. 30—50 

Quartz separated from plagioelase-rnierocliiie-granite, 3 krn. SE of Bergs- 

hamra. <10 

Microcline separated from do. <10 

Plagioclase (aiidosine) with sericite, s(*parated from do. *^:10 

Quartz separated from plagioelase-graiute, 11 km. SSE of >iorrtälje_ <15 

Plagioclasf^ (andesme) with sericite, separated from do. ^:15 

Biotite with chlorite, separated from do. 000 

Amphibole (hastingsitie horiiblonde) separated from do. 400 

Gariiot, red-violet, separated from garnet-hornbleiidite (band m diorite), 

JO km. SSE of JSlorrtaljo. 500 

B. The ultrn-bcwin gnhhro ftuite. 

Qoartz separated from plagioelase-microcline-graiiite, Vato. - , 5 

Mieroelmo separated from do. -'5 

Plagioclase (oligoclase) with seneite. separated from do. '"5 

Quartz separated frorn amphibole-gabbro, the Mellingeholm mussif. ' 5 

JMagioelase (liytowiiite-anorthite) separatoil from do. 5 

Amphibole (eommoii hornblendo) with biotite, se^parated from do. 300 

Pyroxono (diallage !- hypersthene) separated from iiorite, the Grovstanas 

massif. 000 

Serpcntino i amphibole (pale Mg-hornblende) !- somo magnotite, i. e. an 

altorod peridotite, the Grovstanas massif. 250 

Plagiocdase (bytowmte) sopai*ated from anorthosite, the Grovstanas massif <5 


The latest, and frequently also most distal, rocks d(»veloped by sutdi 
magmas should thus contaiii more zinc than any of the earlier ones. 
Among the rocks considered in Table IX, we do not seem to have any 
residiial raagmatic products (see above), whereas Table I, ¥ — com- 
posed of a few menibers of the Stockholm granite suite — shows 
such a rock, viz. grey aplite from the Grovstanas massif. As could 
be expected, zinc is there highly concentrated, and accompanied by 
cionsiderable amounts of two other elements frequently enriched in 
residiial magmatic Solutions, i. e, boron and eopper, 100 p. p. m. 
of each element (P. H. Lundegårdh 1946 a, p. 102, Table 31, No. 
162). The aplite constitutes tho margins and apophyses of a large 
pegmatite dike in the ultra-basic Grovstanas gabbro south of Norr¬ 
tälje (r/. P. H. Lundegårdh 1943, p. 371). In a previous paper 
(P. H. Lundegårdh 1944, p. 3), 1 have mentioned that the gabbro 
remnants enclosed in this pegmatite are impregnated by sulphide ore 
— iron and eopper pyrites. Similar impregnations have been traced 
along fissures in the gabbro immediately outside the dike. The sul¬ 
phide ore seems to have been deposited by gaseous or liquid, aqueous 
emanations from the intruding pegmatite melt. After the solidi- 
fication of a minor part of the pegmatite melt as apophyses and mar- 
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Table VIII. Zinc^ p, p, m. of the main components of plagioclase- 
granite and gabbro from Central Roslagen. 

Analyst: P. H. Lundegärdh. 


A. Grey plagioclaso-granite, gneissic, 11 km SSE of Norrtälje. 


i 

j Quartz 

Plagioclaso | 
(ande^ine) ! Amphi- 
with I bole 

Horicite i 

1 

Biotite 1 
with 1 S 
chlorito 1 

% of total rock. 27 

Zn, determined on cach min¬ 
eral . <15 

Zn, ealeijlated on total rock ., <4 

47 11 1 14 1 90 

1 1 

<15 ' 400 ' 600 ’ 

1 Zn, determined on iotal rock 150. 


l’ltra*basio amphibole-gabbro, the Mollingeholm massif. 


.- .- 






i 1 

Plagioclaso 

Amphi- 

[ { 


1 Quartz ' 

(bytownite- 

bolo with 

V ; 

1 

I 

ano rt hl te 

biotite 

1 

i ”i of total rock . 

•i ‘ 

43 

i 43 f 8 

1 99 i 

i Zn, determinod on each mineral . 

.1 <5 , 

-.5 

300 


i Zn, ealculttted on total rock. 

:o.;i 

. '2 

150 

150 1 


Zn, de^ermuiecl on total rock - 140 


zones of aplito, tho compouiids and elements emitted frotu the 
remaininj^ melt, or aqueous silieate solution, did not always reach 
the siirroundiiiK gabbro biit stayed inside the borders of the dike, 
in the aplite, and ehanged tlie composition of this rock by replaee- 
ments. The liigli zinc coneentration in the marginal aplite should 
thiis be regard(‘d as an introduction to zinc ore development by re- 
placernent, or mctasomatism, Comparisons with similar rocks be- 
longing to the same siiite of rocks though iiot associated with pegma- 
tite support this suggestion: 



B 

V 

Or 

Co 

Ni 

Ou 

Zn 

Aplitic Stockholm granite, minor dike, NE 
of the Orovstaiiäs massif..... 

<10 

<5 

3.0 

1.0 

10 

20 

<5 

Orey aplite, minor dike, the Orovstanäs 
massif. 

10 

5 

i 1 

1.0 

1.0 

1.0 

20 

70 

Orey aplite, marginal variety of late peg- 
matite, the Orovstanäs massif. 

100 

<5 

i 

0 1 

.1 

0 

100 

500 


The vanish of chromium and nickel, two elements concentrated 
into early products of magmatic differentiations (see p. 4), is in 
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Table IX. The distribution of zinc (p. p. m.) in two suites of roeks 
from easternmost Central Stveden, The oldest rocks of each suite ivill 
he found to the Icft, the youngest to the right. 

A. The urgranite suite (Tables T, B C, and 11 IV, A). 



r 

1 Gabbro* 

1 

Quartz- 

diorito*, 

dionte 

, Granodio- 
rite, quartz- 
syenitc 

Grey pla- 
gioclase- 
granitc 

Hed-grey to red 
plagioelaso- 
mieroel inc-gran i te 

N . 

’ i 

5 

7 1 

17 

7 ' 

1 

Zn, variation . . 

1 50 140 ' 

1 1 

70 200 

j 100 250 ! 

50 250 ; 

<5-ao 

Zn, M. 

! 90 

1 

120 

i 200 

150 

3(» 


B. The vJtra-basic gahbro suite^ (Tables I, D, and IV, B (*). 


Eaiiy I Lato 
plnionie ' pUitonio 
gabbro gabbro 


Vato 

graniU' 


!N . 9 10 .3 

jZn, variation 0 350 15 100 | <5 * 15 

Zn, M., 140 I 75 ; * JO 


concjord with the enrichiTient of boron, eopper, zinc and tlic detTcasc 
in age of d(‘velopment towards the end of the table. 

During the replacement, zinc should have favoured the Mg-Fe- 
minerals of tlie marginal aplite, aince no zinc minerals have been 
traced in the rock and because little zinc, < 30 p. p. m., ia coiitained 
in its quartz and feldspar. The Mg-Fe-ininerals, mainly biotite and 
penninite^, amount to 2.5 % of the whole rock and should thus con- 
tain as much as 2 % zinc. This figure is a mere apiiroximation, aa 
no separation of the biotite and penninite could be made. Himilar, 
high amounts of zinc are, however, not unknown in femic rock sili- 
cates. E. Mauzelius and A. Bygdén, for instance, found 0.54 
and 0.47 % zinc in an alkaline amphibole — eckermannite from the 
syenite intrusion of Xorra Kärr near Gränna in Småland (N. Sundius 
1946, p. 5). This mineral contains 7 å 7.5 % divalent Mg + Fe, 
whereas the biotite and penninite of the marginal Grovstanäs aplite 
have about 20 % divalent Mg Fe. The latter would thus be able 
to takc in more zinc than would the former, owing to their higher 
contents of replaceable ions, viz, Mg^^ and Fe"^^. Besides, biotite, 

^ excl. remnants. 

* excl. contact-metamorphic plagioclase-granite. 

* excl. dikes. 

* The latter mineral is an aiteration produet of the former. 
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Table X. ZinCj p. p. m. of various igneous and igneous-appearing rocks 

from Sweden, 

Analyst: P. H. Lundägärdh. 

A. Archaean g7u,i8S and granite (infra-cnutal acid rocks), incl. two samples 
of pre-Cambrian granite. 

Grey-red plagioclase-microcline-gnoiss (iron gnoiss), salir, Hallandsåsen, 

Scania. 50 

Red-violet plagioclase-microcline-granite, salic (Växjö granite), Orrefors, 

Småland. 50 

Grey-red plagioclase-microeline-granite, femic to intermodiate (Filipstad 

granite), Kilipstad, Värmland. .. 170 

Grey-red plagioclase-microcline-granite, salic (Bohus granite), Brastad, 

Bohuslän. 100 

Do., do., Bovallstrand, Bohuslän. 100 

Grey, pre-Carnbrian plagioclase-microcline-granite, intermediate, Nasafjäll, 

Lappland. 1 .lO 

Do., marginal varioty, Nasafjäll . 80 

B. Porphpry, rhyoHtf and sinrilnr acid rocks {hypahyssic aml supra-crustal 
acid rocks). 

Red to dark red-violet, Archaean porphyry with feldsj)ar cyes, sahe (Små¬ 
land porphyry), Skurugata, Småland. 170 

Dark violet, sub-Jotnian porphyry with feldspar eycs, salic (Älvdal por¬ 
phyry), Älvdalen, Dalecarlia. 200 

Red, sub-Jotnian plagioclase-microcline-granite, syenitic, hypabyssic (Gar- 

berg granite), Garlierg, Dalecarlia. 150 

Red, Jotnian granophyre, salic, the Breven dolorite dike (see below), 

Narke. 150 

Groy-white, Palaeozoic cjuartz-feldspar-aplite, mmor dike in plateau-dia- 

baso (see below), Peljekajso, Lappland. 500 

Grey, Tertiary rhyolite, Mien, Smaland. <30 

fiabbro. diabaac and similar basic rocks {infra-crustal and hypabyssic 
basites). 

Archaean olivine-gabbro, Boden, Norrbotten. 80 

Archaean gabbro. Dundret, Gällivare, Lappland. 75 

Archaean hy peri te, Baskarp, V^ästergotland. 00 

Post-Archaean, probably Jotnian diabaso. Valoarna, Saxarfjärden, Ros¬ 
lagen. 60 

Jotnian olivine-dolorite, the Breven dolerite dike, Narke. 55 

Jotnian olivine-diabaso (Asby diabase). Asbyn. Dalecarlia. 70 

D. Platcau-diabase and basalt (supra-crastal basites). incl. one sample from 
Iceland. 

.fotnian plateau-diabaso (Gävle diabase), Gävle, Gästrikland. 120 

Palaeozoic plateau-diabase, general sample from Hälleberg, Hunneberg, 

Mössoberg and Alleberg, Västergötland. 230 

Do., Peljekajse, Lappland. 200 

Tertiary basalt, Sösdala, Scania. 160 

Do., Anneklev, Scania. 160 

Quaternary basalt, general sample from Skjaldbrei^, Iceland . 250 
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and penninite^, seem to be niore apt to the reception of zinc than 
does amphibole (see above). 

Further examplos of the concentration of zinc into magmatic 
residuals are given in Table X. Palaeozoie plateau-diabase from 
Mount Peljekajse in Lappland contains 200 p. p. m. zinc, its acid 
residiium, a grey-white aplite, 500 p. p. m. Jotnian olivine-dolerite 
from tlie Breven dike, Xärke, shows 55 p. p. m. zinc, whereas late 
granophyre differentiated from the same pareiital magma as the 
dolerite (see T. Kuokström 1932) and solidified in the same dike 
contains 150 p. m. zinc. 

In rocks highly influenced by metasomatisni, even feldspar may 
take in restri(ded quantiti(\s of zin(‘, most probably as a eoniponent 
of minute ineliisions of some foreign mineral. J. Ottematvn (1941, 
p. 102, Table 4), for instanee, found 00 and 20 p. p. m. zinc in the 
feldspar of gabbro and granite from the ore-bearing region of Tlarz, 
Cxermany. 

A eomparison betvveen varions groups of igneous rocks also shows 
tliat tlie volatility of zinc. is a very important n^giilator of its distri¬ 
bution. The meta-basalt (amphibolite), meta-aiidesite, plateau-dia¬ 
base and basalt analysed by the writer (Table V, A and I>, excl. 
aplitie segn^gations, further Table X, 1)) show an averagc* zinc eon- 
tent = 180 p. p. m. (N ^=20). Three major dikes of meta-basalt 
(amphibolite) and meta-andesite from Koslagen contain 200—250 
p. j). in. zinc, Analyses of Palaeozoie plateau-diabase from Väster¬ 
götland and Lappland have given 230 and 200 p. p. m. zinc. Basaltic 
lava from Skjaldbreiö, a Quaternary Icelandic shield volcano re- 
eently deseribed by T. Trycuivason (1943), contains 250 p. p. m. 
zinc. These are all basic rocks developed at or near the surface of 
the earth^s crust, viz. mpra-crustal, frequently effusive, basites. 
Basic rocks — diabase, gabbro, diorite — similarly cornposed though 
developed at lower levels of the crust — viz, hypabyssie, ur dikfj 
and infra-crustal^ or plutonic, basites (Tablcs ITT, IV, and X, (-), 
most frequently seem to contain less zinc. 13 analyses of infra-crustal 
quartz-diorite (excl. contact-metamorphic i)higioclase-granite), dio¬ 
rite and gabbro belonging to the urgranite suite of eastermuost 
Pentral Sweden (Tables III and IV, A) give an arithmetic mean of 
110 p. j}, m. zinc. The average zin(‘. content of the plutonic. ultra- 
basic gabbro of Koslagen (Table IV, B—0) amounts to 105 p. p. m. 
(N 19). Various infra-crustal and hypabyssic basites from other 
parts of Sweden (Table X, C) contain 55—80 p. p. m. zinc (X == 
6). A eomparison between the late plutonic ultra-basic gabbro of 
Koslagen (Table IV, C), X = 10, M = 75 p. p. m. zinc (variation == 
15—160), and its dike equivalents (Table V, C), X = 3, M ~ 240 
p, p. m. zinc (variation = 230—250), gives evidence of a concentra- 

^ as the latter mineral is an aiteration produet of the former and crystallizes 
similarly. 
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tion of zinc into the latter. This cnncentration, as well as the above 
enrichments of zinc in various supra-crustal rocks, is due to the high 
volatility of the element. Zinc, indeed, shows a strong tendency to 
leave central, plutonic maginas in favonr of distal intrusions — in 
these cases dikes. 

On turning to the Jotnian diabase in Table X, O—^D, we find an- 
other example of such an enrichment of zin(t. Supra-crustal plateau- 
diabase from Gävle contains 120 p. p. m. zinc, various dike equival- 
ents of tliis rock only 55—70 p. p. rn. The Gävle diabase should be 
classed as a distal eruption of the parental magnia of the Jotnian 
basites in Ccmtral Sweden. When still a melt, it was rich in volatile, 
inobile compounds (B. Asklund 1939, p. 32). The diabase dikes 
solidified later and at lower levels of the crust. As shown by the 
arialyses, large quantities of zinc had at this time left the deep-seated 
parental magnia of the Jotnian basites in favour of the Gävle iliabase 
and similar basalt flows. 

Iti Table X, A—B, we observe two acid rocks, th(‘. mutual relation- 
sliips of which should resemble that of the Jotnian basites, viz, 
the Växjö granite and Småland porphyry (c/. N. H. Magnusson 
1936 b, ])i>. 57—60). The Smälancl porphyry should thus constitute 
an early, supra-crustal product, the Växjö granite a late, infra- 
cruslal product of the activity of a common magma. This hypo- 
tlu»sis is to some exteiit supported by the fact that zinc is decidedly 
eoncentrated into the porphyry. W'e must, however, remembcr that 
ziiK? enrichment can be expeeted to occur in the supra-crustal Pro¬ 
ducts of any zinc-bearing magma. The Älvdal porphyry and Gar- 
berg granite (Table X, B), for instance, are fairly rich in zinc, in 
agr(»ement with such a general tenden(*y. On the other hand, much 
zinc is contaiiuMl in the infra-crustal Filipstad and Xasafjäll granites 
(Table X, A). These are, however, ro(‘ks fairly rich iu femic minerals, 
biotite especially, and thus apt to the concentration of zinc by ionic 
replaccmumts, when^as the aforementioned porphyries and granites 
are salic — doininated by sili(*n and alumina. 

Tn tlie introduction to this chapter, 1 mentioned a second group of 
crystalline rocks, classed as aUeredj igneous-appearing sediments and 
most frequently showing a granitic or gneissic habitus. Various 
petrologists, E. Wegmann (1935), and II. Backlund (1936, 1941, 
1943, 1946) especially, have defined nearly all granite and gneiss of 
the crust as metamorphic — granitizedj re-erystallized sediments, 
Granitizations should involve ionic migrations and replacements in 
the solid State of the changing sediments (see J. Bugge 1946) — pro- 
cesses the existence of which has been proved by experiments in the 
laboratory (cf. A. Hedvall 1938). The actions of mohile, gaseous 
or liquid Solutions of various compounds have also been suggested 
(c/. P. Geijeb 1934, p. 634, and S. Hjelmqvist 1942, p. 85 //.), 
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further the developnient of granitic magmaa by fusions and mobi- 
lizations of down-folded, deep-seatod sediments (see H. Stille 1940, 
p. 13 //.). The principal mi^^atory, granitizin^ elements sliould be 
sodium^ potassium^ Silicon and dluminum^ frequently accompanied 
by some oxygm and hydrogen (HgO, H % 011 and O ^). Exten- 
sive migrations of iron^ magnesium and calcium^ too, should some- 
times occur. 

Backliijnd (op, ciL) has repeatedly poiiited out that, during the 
evolution of the crust, ther(>! has been no lack of time for large-scale 
granitizationSj further that granitizations can proceed under the con- 
dition of constant volume, owing to the niigrations in opposite diree- 
tions and resulting replaeerrients effeeted by the ions involved in 
the aiteration proeesses. The priiieiple of eonstaiit volume is regarded 
as a strong support of the interpretation of extensive bodies of infra- 
erustal, salic, erystalline rocks — viz, granite and gneiss, as ineta- 
morphic s(‘diments. For, as also stat ed by Backli^nd, the prevalent 
high pressure allows little space to be available for the intrusion and 
eonsolidation of magnias in the lower parts of the (TUst. A(?eording 
to Backlttnd, sueh extensive masses of infra-crustal granite as th(^ 
8wedish urgranites should thus be interpreted as metamor[)hic sinli- 
rrients. Backlitnb States that tluw- rocks should have developed dur- 
ing a granitization, mainly in the solid silicate phase, of the down- 
folded sediments of an old mountain range — the Sv>ecofennides (cf, 
also WEGMATs"T>i 1929). VariouH Sv^ecofennian sediimnits more or less 
unehanged should still exist in the Swedish bed-ro(*k, as leptite 
gneisses^ leptites (Table 1, A), skales, slates (Table XT, A), limestones 
and iron ores, The heat necessary for the hirgranitizatiorr should 
have been derived from the infra-crustal surroundings of the down- 
folded sediments, from inlrusive basaltii* magnias, and from radio- 
aetive matter. 

This interpretation stands in opposition to Ihe classieal eoncep- 
tion of a purely magmatic origin of the urgranites, and most of the 
leptitic rocks, too (see for instance Sundius 1939), a conception im- 
plying that the former should be the infra-crustal, the latter the 
supra-crustal x^i*oducts of a eontinued, early Archaean magmatic 
activity. As a modification of this magmatic theory, a S(*dimentary 
origin of at least part of the urgranite magma and most of the leptitic* 
rocks has bc^en suggested (c/. P. H. Lijndegåkbh 1946 a). The ur¬ 
granite magma should thus have received part, or most, of its com- 
ponents by re-meltings of the down-folded sediments of the Sveco- 
fennian mountain range above mentioned. This modification is in 
principal concord with the development of secondary magmas as 
suggested by Stille (see above) and other investigators. 

The conception of an urgranite magma in part composed of re- 
melied sediments has also served as the basis of my investigations of 
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zinc as a component of various members of the urgranite suite 
in easternmost Central Sweden. 

Gu the other hand, the veined gneiss of this region (Table I, E), 
which frequently contains layered fragments as well as larger inclii- 
sions of leptites and associated rocks of a supposed sedimentary ori- 
gin, may be to some extent interpreted as the product of a grani- 
tization in the solid silieate phase (c/. Backlund 1937, p. 234//.). 
Its main composition and, especially, its high content of alumina 
early led to the supposition that part of it should primarily have 
becn clay slates (Magnusson 1936 a). Besides, the veined gneiss 
shows concentrations of zinc that are almost equal to those encoun- 
terod in the various non-metamorphic clay slates and clays analysed 
by ihe writer (Table XI). The variation amplitude of the zinc con¬ 
tent of the veined gneiss is 100—350, the average 200 p. p. m. 
(four general samples). The corresponding figures of Swedish clays 
and elay slates (inel. alum shale; N == 17) are 80—400 and 210 
]). ]). m. Further investigations of the veined gneiss are, however, 
required before we can try to finaUy judge of its origin. As a mattor 
of fact, the thesis of granitization in the solid State is at present 
eontradieted by the various field data given by Magnusson (1936 a) 
and 8UND1US (1939). Aecjordiiig to these data, at least the veins 
and, eonsequently, part of the zinc content of the veined gneiss 
should be derived from injections or intrusions of magmatic differen- 
tiates into the pre-existent bed-rock. 


rv. Zinc in Sediments and Sedimentary Rocks* 

In his Gcochemistry, C-larke (1924, p. 518) gives the average zinc 
eontents of 51 red clays from the deex)est abysses of the oceans, far 
from land, and of 52 marine terrigenous clays deposited near land. 
These averages aniount to 40 and 55 p. p. m., according to aiialyses 
by G. Steiger. The form<*r clays inainly seem to be derived from 
submarine volcanic ejectments, in part from radiolarians and similar 
organisms, too. The latter clays mainly emanate from decomposed 
rocks. In the first chapter I mentioned that Clarke and Washing¬ 
ton (1924) have suggested 40 p. p. m. as a medial zinc content of 
crystalline rocks. Furthermore, Clarke (1924, p. 642) has given 
the average zinc content of 329 American crystalline rocks — 50 
p. p. m. Both these concentrations agree fairly well with those of 
the marine clays considered above. 

On the other hand, preliminary investigations by the writer (Table 
XI) suggest an enrichment of zinc in clays and clay slates as com- 
pared with crystalline rocks. In Central and Southern Sweden, the 
average zinc content of the latter seems to amount to 100 p. p. m. 
Archaean and Palaeozoic clay slates (N = 5, three of which are gen- 
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Table XI. Zine^ p, p, m. of various sediments and sedimentary rocks 
from Central and Southern Sweden, 

Analyat: P. H. Lundeoähdh. 

A. Archaeicum. 

Black, Archacan shalo, graphite-bcanng, Stentryås, tbo Grythytte fiold, 

Västmanland. 

Dark grey, Arohaoan olay slate, Skogen quarry, the Grythytte field. . . 

Pale grey, Arohaean olay slato. Hällefors, the Grythytte field. 

Sandy layor in do., N of Grythyttehed, the Grythytte field. 

Grey, late Archaean olay slato, general sample, Dalsland. 

B. Fre-Cimbriuni. 

Ked-and-yellowish, Jotnian cpiartz-sandstoiio, Njuposkar, Duk oarlia. . . . <2h 

C. J*alaeozoicmn. 

Yellowish, Carnbrian quartz-sandstono {Fucoid aandstono), Kinnekullo, 

Västergötland. 

Black, Carnbrian ahim shalo {Paradoxides-7\\sftifn Rhal(‘), Hunnoborg, 

Västergötland. 

Grey and red, Ordovician lirnestono, l?ilhngen antl Kinnokiillo, Viistcrgot- 

land.* 

Groy, Oixlovician olay alate (Trrä/.vp/.*# slato), Skogstoip, Västergötland. 

Hed-and-yellowish, (^ambrian quartz-sandstono, Kalniaisund W of Oltind 

Gre^y, Cambnan olay slate {Ölahdkns slate), Borgholm, Öland. 

Greenish grey, (^imbriaii slato, sandy {7kssini slate), Borgholm. 

Black, Ordovician alum shale {Dicii/onema shule), Ottenby, Öland. 

Groy and red, Ordovician lirnestono, g<*noral sample, Öland. 


1^. Quaternary {aoils front, fasternmost Central tSwedrn), 

(»rey glacial olay, general sample, Pppsala. 200 

Pale grey, post-glacial sand (mainly quartz sand), oultivatcd, Karlholms- 

briik »SK of Gävle. “30 

Groyish, post-glacial. meagro sand (vory fine-grainod, iSiredish: »ino»)), oulti- 

vated, Skärplinge SE of Gavle. 170 

Greyish, post-glacial clay, eultivat€*d (field clay), Vltvma, Cppsala. 230 

Do., do., Kirnbo W of Norrtälje. loO 

Do., do., örbyhus N of Uppsala. 170 

Do., do.. Harg NNW of Norrtälje. 220 

Do., do., Blidö SE of Norrtälje. IHO 

Do., do., Svartsjö VV of Stockholm. 80 

Do., do., Östorhaninge SSE of Stockholm. 130 

Do., do„ Bränninge, Södertälje. 150 


eral sainples) form the same region show 200—250 p. p. m. zinc, 
a very low variation in view of the different ages and origins of these 
rocks. A general sample of glacial (jhiy from Uppsala contains 200 
p. p. m. zinc. A somewhat lower concentration, 160 p. p. m. (M, 
X = 8), charaeterizes post-glacial field clay from easternmost Cen¬ 
tral Sweden. This clay has, however, in part been cultivated during 
many years and has thus been exposed to the combined erosive ac- 
tion of growing crops, water and air. The variation of the zinc con- 
tents of the eight sainples analysed is also fairly high, 80—230 p. p. m. 

The enrichment of zinc encountered in these clays and clay slates 
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8eems to be duo to the ditferentiation working duriug all normal 
transports and sedimentations of erodod matter. When streaming 
water is the transporting agent, whole remnants or large mineral 
individuals separated from the disintegrated rocks are deposited as 
groveis; resistant minerals, quartz especially, frequently potassium 
(and pure sodium) feldspar, too, as sand; various minerals more or 
less decomposed, Fe-Mg-silicates and soda-lime feldspar especially, 
as clay and Chemical sediments — the latter in part developed by 
organisms and consisting of lime, hydrous iron ore, etc. Some de¬ 
composed matter dissolved by the transporting water remains in 
the solvent, mainly as chlorides (NaCl, MgClg, etc.). In the preced- 
ing chapter, I mentioned that zinc is concentrated into 
sili(‘aies. Jt is then not surprising that clay sediments are fairly rich 
in zinc. 

AnotlHT consequence of sedimentary differentiations is the lack 
of zinc in sand and sandstone (Table XI). These sediments mainly 
consist of quartz, togcthor v ith some feldspar, two minerals that con- 
lain no or little zinc (c/. Tables VTI—VIII). Three representative 
])re-('[unbrian and Carnbrian quartz-sandstones from various parts 
of ('(mtral and 8outhern 8weden thus show < 20 p. j). m. zinc. 
Furthermore, post-glacial cultivated sand, mainly quartz sand, 
from Xorth-eastern Uppland contains 30 p. p. m. zinc. Finally, 
it niight b(» mentioned that a mixture of 235 samples oC Mississippi 
delta silt (Sidg - 70 %) has yielded 8 p. j). m. zinc (analyst: G. 
8TE1GE11; see Flaiike 1924, p. 509). 

On the other hand, organic lime and lirnestone ought to show con- 
siderable amounts of zinc, owing to the enrichment of the element in 
sea animals (see Ch. T). In the introduc.tion, T .mentioned that eer- 
tain marine iiivertebrates contain as much as 0.15 % (1 500 p. ni.) 
zinc in dry matter. J. B. Weems and J. D. Kobertson, indeed, found 
42.5 p. p. rn. zinc in the Carnbrian and Ordovician limestones of 
Missouri (W. Lindgren 1933, p. 425). Preliminary spectral deter- 
minations of zinc in Bwedish Ordovician lirnestone, perfornied by 
the writer, ivere, however, not very successful, owing to the einis- 
sional disturbtions effected by the decomposition of the samples 
and the formation of COg (c/, p. 9). A maximal concentration ^ 50 
p. p. m. zinc was obtained (Table XI, C). Now, only part of the con- 
tents of the Carnbrian and Ordovician limestones are derived from 
organisms. Much of their contents have certainly to be regarded as 
inorganic and, consequently, rather pure calcium carbonate. Such 
a figure as 42.5 p. p. m. does thus not tell anything about the degree 
of the concentration of zinc into various members of the marine fauna 
of Cambrium and Ordovicium, it only gives evidence of the existence 
of a physiological accumulation of the element even during this dis¬ 
tant era. 

Regarding the quantitative physiological concentration of zinc, 
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better information may be obtained wlien studying deposits of or- 
ganic ealeiuin phosphate. N. H. Brundin analysed a niimber of 
samples from sueh deposits and fonnd there large quantities of zinc, 
sometimes several 1 000 p. p. m. (Goldschmtdt 1938, p. 82). (Vrtain 
silicate and earbonate sediments also show liigli coneentrations of 
zine, the origin of whieh is, how^ever, here not always obvious. Sueh 
a sandy clay slate as that of the Oambrian Tessini zone in the layered 
bed-rock of Öland (Tablc XT, (^) woiild seern to be (‘omparable with 
any other sandy clay slate. Xone the less, it contains as nuich as 
1 000 p. p. m. zinc, whereas the maximum of ordinary clay slates 
amounts to c. 250 p. p. m. 

Clay slates mixed with organic, more or less dtH*omposed matter — 
alum shale and similar rocks, should on the other hand be expectiMl 
to show ajipreciable cnrichments of zinc. Ordovician Dictyonema 
shale from Öland, indeed, contains 400 p. p. m. zinc, black gra].)hit(‘- 
bearing shale from the Archaean strata of th(‘ Grythytte ficld, Väst¬ 
manland, the same quantity (Table XI, A and C), whereas (.'ambrian 
Paratkhiciäes-TeHHini shale from Västergötland, rich in carbon and 
bituminous matter, yields only 200 p. p. m. (Table XI, C^). Tu black 
Devonian shale from Arizona, \V. F. Hilleukand foimd c. 250 
p. p. ni. zinc (Clarke 1924, p. 552). 

studies of fairly pure, carbonized vegetable matter — common 
coal, have revealed high enridiments of zinc. In tlu^ ashes of (*ertain 
coals, Golds(U1M1DT and J^eters (1933, p. 371) found conc(Uitrations 
of zinc amounting to about 1 (10 000 p. x>* tn.) The maximal zinc 

content of coal asli should be 2 % (20 000 p. p. m.), according to 
Goldschjvudt 1943 (p. 3, Table 3). This figure does not, howcvcr, 
indicate an extremcly high absorption of zinc in the carbonized 
plants, as most of the x)rincix)al inorganic constituents of tlie latter 
— magnesium, potassium and calcium especially, have been removed 
by Icaching during the carbonization (c/. Goldschmidt 1934, p. 
425). Besides, ash of normal, jresh ])lant leaves show an average zinc 
content ~ 100—300 p. p. m., or 0.01—0.03 %. Enrichments aniount- 
ing at least to 2 500 p. j). m., or 0.25 ‘Jo, of leaf ash may oceur in 
])lants growing on galmci-bearing soils. As has become obvious from 
experiments recently xxTformed by the writer, 8amx>l^s of wheat» 
growing in nutrient Solutions of uniform x^rincipal composition show 
a steeper curve for the absorption of zinc on inereasing additions of 
Ihe metal to the Solutions than might be expeeted from a direct 
proportionality between addition and absorx)tion. Wheat grown in 
a zinc-free nutrient solution during the first week and then placed 
in another nutrient solution with 90 p. p. m. zinc, at the end of the 
second week shows a zinc content amounting to 400 x>* V- nu of leaf 
ash. Taking 180 p. p. m. zinc instead of 90, other (konditions remain- 
ing constant, the fortnight concentration inereases to 1 600 p. x). ni. 
of leaf ash. 
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The zin(* contained in organic and inorfjanic sediments is seldom 
uiiiformly distributed but most frequently eoncentrated to certain 
strata or loealities, owing to the variable zinc contents of the de- 
])osited matter and the seeondary transports performed by circulating 
Solutions. Tims, the Oambrian Paradoxides mlandicus shale of 
westernmost Öland, as well as many other Oambrian alum shales, 
ocoasionally show eoneentrations of zinc into small crystals of 
si)halerite. Similar local enrichments of zinc have been traced in 
tlic Gotlandian limc^stone of Gotland- One sphalerite crystal from 
t ho vicinity of Hobur^en in southernmost Gotland, detccted by the 
vvrit(‘r, measured mm. in lotiKth. 

Even in boffs and similar post-^lacial doposits of wet vog(*table 
mattor, moss espcoially, the contents of zin(* vary pronouncedly in 
<liff(*rcnt strata. An examination of an Eriophorum-Hphagnum bo^ 
ju North-western Scania, described by S. Mattson, G. Sandberg 
aud I\-K. Tekntng in 1944, jrives evidence of a decided enrichment 
of zinc immediatoly below and above a stratiim the middle of which 
scoins to havo constituted the surfaee of the boj^ durin^r a considerable 
iimnbor of fairly dry years, viz, a reeurrenee flat (Table XII). 

Tabl(* XI1. Upper ombrogenie zone of Ramna hog^ Svania. 

Analynt: P. H. Londkoaruh. 

Sirotiim lu <*in. frorn the proseiit Zinc, p.p.m. of peat 

surhico of tho hop ash (cr 25 %) 
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111 an ordiiiary poal-bo^\ most of tho ziiit* contained in oach ^rowing 
lay(*r of moss should oripnally have boen derivod from the soils 
and the ro('ks under the bo^ and its surroundin^js. The remainin^^ 
part of the zinc of the various moss layers should have come from 
wind sediments — volcnnic ash, looss, etc, The soils and rocks under 
and around the bo^? should have been in part decomposed and leached 
hy the acid bo^ water. (h)mx)ounds and elements that are soluble 
in dilute acids, such as zinc (cf, p. 4), should thus to a large extent 
niigrato upwards in the bog, as the capiUarity of moss, Sphagnum 
espcoially, and weat peat is rery strong. Only during periods of dry 
climate, invorted transports of soluble compounds and elements can 
bo expeeted to oceur and then almost exclusively in the uppermost 
aerated^ oxidized zone. 
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In the Eamna bog, tlie recurrence flat at 145 cm. excrnplifies the 
snrfac(‘ w eathering during a number of dry years. The peat and moss 
hjyers of the oxidized zone — viz. the highest strata of the bog dur- 
ing the ree.urrencie period, have in part been decomposed and leached, 
with the result of a contmction. As SiOg and TiOg are fairly insoluble 
in the oxidiz(»d zone, these oxides sliould have been highly enriched 
in the strata eontraeted. Eeeent, unpublished iuvestigations by 
Mattj^on and co-workers hav(* also given evidenee of such an enrioli- 
ment. ()n the other liand zine, whieh is soluble in the oxidized zone, 
should liave been leaelied and re-deposited as a eomponent of soine 
diffieultly soluble eompoiind under these strata, as shown in Table 
XTI. Siniilar leachings and re-depositions of zim? in r(\sidual soils 
liave been studied by T. L. Watsotv (1905 and 1900). 

As was inentioned abov(% 1 have found a rather high e.oncentration 
of ziiu* iminediat(4y ahove the recurren(*e flat at 145 cm., too. 1 have 
interpreted this ])henomenon as follows: When the post-glacial eli- 
mate slowly became inore damp again, new moss grew upon the re- 
eurreii(*e flat, faster the damper the (diniate was. Thus, in the very 
beginning of the growiug — the surface of the new inoss layer being 
situated immediately above the recurremee flat — tlie evaporation 
from the bog was still very high. Large quantities of acid water 
were drawn up through the eapillaries of the bog, with the result of 
inereased surface coneentrations of the compounds and elements 
soluble in this water, c, g. zinc, Jhirt, or rnost, of the zine thus a(*eu- 
mulated should afterwards have been fixed in some diffieultly sol¬ 
uble eompound. 
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1. Introduction. 


Tn the nineties it was observcd by several investigators that fer- 
tilization with Ohilean nitrate of soda was sometimes apt to cause 
iiijuries on the crops, and Sjollema (1896) suggested this to be due 
to potassium perchlorate which could be found as an impurity in the 
nitrate up to a percentage as high as 6.8. The toxic effects of perchlor- 
at(» were studied by Caluwe (1900) in field experiments with rye, 
and in this connection he tried chlorate as well. Some years later 
GiTTHRiE & Helms (1903, 1904) made pot experiments to study the 
toxic effects of chlorate and found that already 0.001 per cent 
NaClOg in the soil distinctly affected the growth of young wheat 
and maize plants; 0.005 per cent was lethal to the plants. At the 
same time the first observations on the effect of chlorate upon 
roots and root hairs were also made (Stiehr 1903; ep. Ekdahl 
1947 p. 122, 129). 

The first attempt to use chlorate for the destruction of weeds 
seems to have been made in Australia (Anonymus 1901), where it was 
tried against prickly pear without considerable success. In Switzer- 
land and Fraiiee, chlorate, under the name of »mort-herbes», found 
some use for the destruction of weeds on roadsides and similar places 
already in the beginning of the twenties (cp. Schribaux 1923 p. 
945). At the experiment station Oertikon in Switzerland investiga- 
tions as to the use of sodium chlorate as a herbicide were started in 
1921 (I^EITWEILER 1930). With the known effect of perchlorate as 
a starting-point experiments on the use of the cheapcr chlorate were 
also made in Henmark from 1923 and onwards (Statens Forsogs- 
viRKSOMHED 1925, 1927), and publications on this subject soon fol- 
lowed from Norway (Korsmo 1925, 1927), from Sweden (Feilitzen 
1925, ÅSLANDER 1925, 1926 a), and from the United States (Åslan- 
DER 1926 b, 1928, Latshaw & Zahnley 1927). Investigations as to 
the use of chlorate for the eradication of plants harmful to the re¬ 
generation and growth of the forest trecs were first made in Kor- 
way (Böhmer 1929) and much work on this problem has later been 
done in Sweden (Kolmodin 1942, Stålfelt 1945,1946, Sjöström & 
Hellicihus 1946). 

With the exception of some French and Danish experiments on 
the selective effect of chlorate on weeds in growing cereal crops 
(Loyer 1923, Statens Forsogsvirksomhed 1925, Chabrolin 
1933, Fron & Bertrand 1934; cp. the negative results of Åslander, 
1925, 1926 a) the early use of chlorate was mainly rcstricted to such 
areas as roadsides, ditches, and waste places. It was further used 
with success on small patches of arable land heavily infested with 
noxious plants, or on individual tufts of such plants in grassland 
(JORGENSEN 1926, GiöBEL 1926, cp. Schneider-Kleeberg 1927; 
Neuweiler 1930). Thus far the possible residual effects on the crop 
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plants were not very important. After the autumnal application of 
chlorate on large areas of arable land infested with perennial weeds, 
with normal cropping in the foUowing season, had been introduced 
(PoTJLSEN 1926—1930, Statens Porsogsvirksomhed 1927, Ås- 
LANDER 1926 b, 1928) the situation became another, however. The 
proper use of such a method seems to imply a close knowledge of 
many different processes, e. g. the leaching of chlorate into and 
through the soil, its possible decomposition in the soil and its effects 
upon soil microorganisms, the intake of chlorate and the mechanism 
of its toxic action in the plants, the effects of different external fac- 
tors upon these processes, and the circumstances causing the differ- 
ences in sensitivity of different plants to chlorate injury. Much 
work has already been done on these subjects, especiaUy by Crafts, 
Hijrd-Karrer, Loomis, Offord, Yamasaki, åslanber, and others, 
but much also remains to be done. 

The object of the present study has been the physiological mechan¬ 
ism of the toxic action of chlorates upon the higher green plants. 
It was thought expedient to restrict the experiments at first to one 
plant only, namely wheat. This plant can easily be grown under 
controlled conditions and its physiology is well known in several re- 
speets. For the sake of comparison some other toxic substances were 
also used in the experiments, special intercst being taken in bromate 
and iodate but also in perchlorate, chlorite, and hypochlorite. 

[2. Material and Methods. 

In all cases young wheat plants {Triticum vulgäre Vill.) of the 
variety »Diamant II» were used for the experiments. They were 
grown in control chambers as described by Lunbegårbh (1932 
p. 10—20); for dimensions and construction of the actual chambers 
SCO Åberg 1946. The iUumination was supplied by two 1,000-watt 
incandescent lamps in glass reflectors and its intensity was ca. 
20,000 int. lux (equal to 1,860 foot candles or ca. 140 mgcal/cm** 
min in the range below 700 mfi). The light was on for 15 hours a day 
(6 p. m. — 9 a. m.) and during this period the temperature was ca. 
20° C; during the dark period it was allowed to drop to ca. 12° C. In 
exp. IX there was, of course, no such fluctuation of the temperature. 

The soaked seeds were germinated for two days in large Petri 
dishes. They were then placed on the cork holders and transferred 
to glass tubes containing 150 ml of nutrient solution A (see table 1); 
this date is denoted as the planting time. The plants were usually 
transferred to the test Solutions after 4—6 days and remained in 
them for about 6 days. At harvest the appearances of the plants 
were noted and the maximum length of the shoots and of the root 
systems was measured for each bunch of 14 plants grown in the same 
glass tube. The shoots were then severed from the rest of the plant 
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Table 1. Gomposition oj the nutrient Solutions used. 
(/oncentrations in millimolos per liter (mM). pH-value of Solutions A—D ca. G.O. 



A 

B 

G 

D 

E 

KN03. 

0.6 

1.8 

0.6 

0.6 

0.6 

Ca (NOa)^. 

1.5 

A.5 

i.r> 

1.5 

1.5 

MgS04. 

J.O 

1.0 

1.0 

1.0 

1.0 

KHaPO^. 

1.2 

1.2 

1.2 

1.2 

- 

Na„ HPO4 . 

0.2 

0.2 

0.2 

0.2 


KCl. 

— 

— 

1.2 



CaCla. 

— 

— 

3.0 


— 

Fe-citrato*. 

0.03 

0.03 

0.03 

— 


Fo(NH,),(SO,),. 

— 



0.02 

0.02 


(denoted »roots>^ in the tables), incisions being made iinincdiately 
above the seeds. The root systems were rinsed with distilled water 
over the glass tubes and then repeatedly pressed between filter papers 
before weighing. After weighing, the shoots and the root systems were 
eut with scissors, fincly groimd with distilled water in a Turmix 
blendor (comparable to Waring) and then boiled for 10 minutes. 
The extract was then transferred to a volumetric flask, cooled, and 
made up to volume. The test Solutions were also transferred to vo- 
lumetric fläsks and made up to a given volume before analysis. The 
chlorate analyses of extracts and Solutions were made at the Ana- 
lytical Department of the Chemical Institute under the supervision 
of T. PiiiLiPSON and by a method which will be described by him. 
Shortly, it consists in a double potentiometrie titration of chloride, 
made before and after reduction with sulphur dioxide. The calcula- 
tion of the chlorate values as NaClOg is merely formal and does not 
imply any assumption of a parallel absorption of sodiuin and chlorate 
ions. 

In order to find out if there was any measurable reduction of chlor¬ 
ate during the extraction the following tests were made: 

1. Shoots of young wheat plants were ground in a porcelain mörtar 
under addition of sodium chlorate. In one test ascorbic acid was 
also added. 

2. Shoots were cut with scissors and then boiled in distilled water 
with added sodium chlorate for 10—70 minutes. 

3. To a sodium chlorate solution some extract of wheat shoots and 
varying amounts of glucose and ascorbic acid were added. Glass 
fläsks containing the samples were then placed within 2 dm 
distance from a quartz mercury lamp and illuminated for 7 hours. 

In all these tests the original amount of chlorate was found un- 
altered upon analysis. 


^ 10 mg per 1. 
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3. The Absorption of Chlorate and the Symptoms 
of Chlorate Poisoning. 

In tlie first experiments the effect of an addition of varying 
amounts of sodium chlorate (1 m Jf = 106.45 mg per 1) to the nutrient 
solution was studied. In some cases the plants as well as the nutrient 
Solutions were analysed at the end of the experiment. 

Experiment I, Seedlings planted on Sept. 15, 1945. After 9 days 
they were transferred to solution A with varying amounts of NaClOa 
(table 2), where they remained for 7 days. After 1 day the guttation 
from the leaf tips was strongly inhibited at the two highest chlorate 
coneentraiions; after 2 days the leaf blades of the same plants showed 
yellowish stripes and were partly withered; the root tips were disco- 
loured in a yellowish-brown tint. In the following days the withering 
of the leaves advanced, the dry parts being spotted in green and yel- 
low; the basal parts of the younger leaf blades were, however, com- 
paratively little affected. The roots showed no growth. At 47.6 mg 
chlorate per 1 the first weak signs of mottling of the leaf blades were 
apparent after two days. After 3 days the upper parts were distinctly 
mottled in yellow, and after 4 days the older leaf blades were almost 
wholly striped in yellow. The newly formed root parts showed pe- 
culiar, sometirnes repeated, sharp bendings which were preceded by 
narrow, discoloured zones (cp. fig. 2 and the more detailed descrip- 
tion by Ekdahl, 1947). The lowest chlorate concentration used ga ve 
110 significant effects on the growth of the plants. At the end of the 
experiment there was only some slight spotting of the older leaf blades 
in a darker tone. The results of the measurements and weighings of 
the plants are presented in table 2. 


Table 2. Length and fresh weight of young whmt plants from Exp. I. 

Grown for 7 days in solution A with various amounts of sodium chlorate. Average 
values for 4 groups of 14 plants, the fresh weight values thus representing the total 
weight of 14 shoots or »root systems» (p. 40). S denotes tho plant material at the 
beginning of tho experiment. 





NaClOg, mg per 1 



s 








0 

t 9.6 

47.0 

238 

476 

Length of shoots, cm. 

20 

32 

32 

30 

28 

26 

» » roots, cm.. 

12 

16 

15.6 

14 

12 

12 

Weight of shoots, g ,. 

— 

6.0 i 

4.8 

2.9 

1.9 

1.7 

» » roots, g.... 

— 

3.1 

3.3 

1.8 

1.6 

1.3 
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Table 3. Length and fresh weight of young wheat plants from Exp. II. 

Grown for 8 days in nutrient solution A with various araounts of soclium chlorato. 
Average values for 4 groups of 14 plants. 



S 

NaClOg, ing per 1 


9.Ö 

28.6 

47.6 

66.6 

Length of shoots, cm. 

16.5 

31 

30 

29 

27.5 

25 

» » roots, cm. . 

9 

15.5 

15 

14 

11.5 

10.5 

Weight of shoots, g .. 

— 

i 3.3 

j 3.0 

2.1 

1.7 

1.5 

» » roots, g . . . 

- _7~ ‘ 

i 3.0 1 

' 2.5 

2.0 

1.7 

1.5 


Table 4. Absorption and reduotion of cJilorate in Exp. II. 

Values calculated as mg NaClOg per 56 plants. »NaClO.,, red.» = surplus of Cl' 
ovor the control without chlorate, recalculated as NaClOj, (multiplied with 3). 




NaClOs, 

mg jM^r 

1 



9.5 

28.6 

47.6 

66.6 

mg per 56 

( NaClO,. 

0 

1.8 

4.8 

5.9 

shoots 

\ » , red. .,. 

1.5 

3.7 

3.5 

3.5 

mg per 56 

( NaClO,. 

0.4 

0.4 

1.5 

2.5 

root systems ( » , red. ... 

0 

0 

0 

0 

2 NaClOg in 

the plants 

1.9 

5.9 

9.8 ! 

11.9 

mg NaClOj 

Initial value.... 

5.7 

17.1 

28.6 

40.0 


•f Final value .... 

2.5 

8.7 

17.5 

26.5 

xiuLi itjxit 
solution 

1 Difference. 

3.2 

8.4 

11.1 j 

13.5 


Experiment II comprised only chlorate concentrations up to 66.6 
mg per 1. Seedlings planted on Sept. 27,1945; after 7 days transferred 
to the test Solutions (table 3); length of the experiment 8 days. After 
1 day guttation occurred in all cases. After 2 days, however, it was 
greatly depressed at the two highest chlorate concentrations. At 
the end of the experiment a profuse bleeding was apparent in all 
cases after the cutting of the plants. As to the appearances of the 
plants the foUowing notations were made: 

9.5 mg chlorate per 1: leaf blades with yellowish white stripes; roots 
quite similar to those of the control. 

28.6 mg: leaf blades with yellow parts; roots with sharp bendings 
followed by straight parts. 

47.6 mg: older leaf blades wholly or partly withered, with yellow and 
green parts; younger leaf blades with the apical part striped in 
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Fig. ]. Yoiing wheat plants after 7 days’ growth in soliition A with 1 (to the left), 
0.5 (in the middle), or 0 (to the right) mM NaClOg. 


yellow and green and the basal part normally grcen; roots with 
repeated bcndings. 

66.6 mg: like 47.6 mg, but leaf iiijuries somewhat stronger. 

Size and fresh weight of the plants are presented in table 3 and the 
results of the chlorate analyses are shown in table 4. The main part 
of the chlorate amount that disappeared from the nutrient solution 
was found in the plants in an unaltered or reduced State. Only min- 
ute traces of chloride (ca. 0.1 mg per 600 ml) were found in the Solu¬ 
tions. The absence of any surplus of chloride (»NaClOg, red.») in 
the root systems may not be taken as evidence of an absence of chlor¬ 
ate reduction in this part of the plants. The chloride possibly pro- 
duced here may have been translocated to the shoots, and further, 
the retarded root growth may have influenced the distribution of 
the chloride amount originally present in the plants (ca. 1.5 mg per 
66 plants). There were no significant differences in the chloride con* 
tent of the root systems. 
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Fig. 2. The root sysioms of the culture in the mitidlo of fig. 1 (0.5 mM 

NaClOg). 



Fig. 3. Relativa growth in length of shoots and roots at differont chlorate oon< 

centrations. 


In another experiment seedlings planted on Sept. 26, 1946, were 
5 days later transferred to solution A with or witliout addition of 
0.5 and 1 mJf NaClOg. After 7 days they were pliotograplied (fig. 1). 
The root bendings of the plants grown in 0.5 mM NaClOg are clearly 
seen in fig. 2. 

The relative growth in length of the shoot and the roots (control — 
100) at different chlorate concentrations, as calculated from tables 
2, 3,10, and 17, is presented in fig. 3. As a consequence of the rather 
slow action of the chlorate on the shoot and especially on the young 
leaves this part of the plant shows a considerable growth even at very 
high chlorate concentrations. 
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Table 5. Length and fresh weight of young wheat planta from Exp, III, 


Average values for 4 groups of 14 plants. 



Ä 

Na ClOg, mg per 1 

0 

60 

Experimental period, days 

0 

2 

6 

2 

4 

6 

Length of shoots, cm... 

12 

19 

29 

17.6 

19 

25 

» » roots, cm.... 

7 

9 

13 

8.6 

9.6 

11 

Weight of shoots, g .. . . 

— 

2.1 

3.7 

1.9 

2.0 

2.1 

» » roots, g. 

— 

1.6 

2.7 

1.2 

1.1 

1.2 


Table 6. Äbsorption and reduction of chlorate in Exp, III, 

Niitrient solution with 50 mg NaClO, per 1 (30 mg per 600 ml). Values calculated 

as in table 4. 


Experimental period, days 

m 

B 

6 

por / ^ 

66 plants y ^ . 

mg NaClOg per 600 ml nutr. soln., final valuo. 

» » , total ainount recovered per 4 cultures... 

2.6 

1.6 

4.2 

25.9 

30.1 

2.3 4.2 

4.7 i 4.7 
7.0 j 8.9 
22.6 1 22.6 
29.5 i 31.4 


In order to obtain a more detailed picture of the course of the chlor¬ 
ate äbsorption and the jirogress of the plant injurics the following 
two experiments were made. 

Experiment IIJ, Seedlings planted on April 24, 1946; after 4 
days transferred to solution A with 50 mg NaClOg per 1; control plants 
in pure solution Ä, After 2, 4, and 6 days respectively, samples were 
taken for nieasurements and analyses (tables 5 and 6). After 2 days 
the shoots showed very slight signs of injury, while there were con- 
spicuous root bendings. After 4 days the discoloration of the shoots 
was clearly visible, and after 6 days the older leaf blades were greatly 
withered. Because of that the fresh weight of the shoot increased 
very little in spite of the (ionsiderable j^owth in length. The intake 
of chlorate continued during the whole of the experimental period, 
though with decreasing intensity. The reduction, on the other hand, 
seems to have ceased after 4 days. 

Experiment /F is a replication of exp. Ill. The seedlings were 
planted on Jan. 30, 1947, and were 4 days later transferred to solu¬ 
tion A with or without 60 mg Na ClOj per 1. In the beginning samples 
were taken every day, and then every other day. The results are 
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Table 7. Absorption and reduction of chlorate in Exp, IF. 

Nutrient solution with 50 mg NaClOj per 1 (30 mg per 600 ml). Valiies calculated 

as in table 4. 


' Evperimenial ponod, days 

1 

2 

3 

ö 

7 

9 

1 

( NaClO,. 

2.8 

3.1 

4.3 

6.0 

8.3 

10.4 

mg por 50 ) . * 

I : 

0.6 

2.0 

2.6 

4.1 

4.0 

4.1 

3.4 1 

5.1 

6.9 

10.1 

12.3 

14.5 

1 mg NaClOg per 600 ml nutr. soln., 
final value. 

27.4 

26.0 

23.7 

21.0 

16.9 

15.2 

mg NaClOj, total amonnt rocover- 
1 od per 4 eultures. 

30.8 

31.1 

30.6 

31.1 

29.2 

29.7 



presented in table 7 and figures 4—7. The first signs of shoot injury 
were visible aftt^r 2 days, while root injuries could be seen already 
after 1 day. During the first 3 days shoot length and weight are only 
slightly influenced, but later on the fresh weight of the poisoned 
shoots ceases to increase as a result of the withering of the older 
leaves. The main course of the intake and reduction of sodium chlor¬ 
ate is the same as in the previous experiment. Also in the present 
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experiment the reduction coines to a standstill after 4—5 days, 
when the plant injuries have become very severe. In spite of that, 
however, the absorption of chlorate from the nutrient solution con- 
tinues. From the initial lag of the chlorate reduction it may perhaps 
be concduded that the main part of this process is located to the shoot, 
where the injuries are also delayed and where it may take some 24 
hours before the chlorate has accumulated in optimum concentration 
for the reduction process. 

In order to study the first phases of the chlorate intake some ex¬ 
periments with absorption periods of short duration were made (see 
also Ekdahl 1947). The plants were transferred to pure Solutions 




48 


Börje Aberg 



of sodium chlonite for 5 to 320 minutes. After that the root sys¬ 
tems were carefully riiised with distilled water, and the plants re- 
placed in pure solution A. 

In the first experiment the sodium chlorate concentration was 500 
mg per 1, and the plants were observed for 5 days after the treatment. 
Absorption periods of 5 and 10 minutes gave no signs of injury, 
while 20 minutes resulted in root bendings but no noticeable shoot 
injuries. Absorption during 80 minutes gave strong discolorations 
of the shoots (leaf blades wholly yellow or yellow-striped) and a dis- 
coloured zone of the roots which was followed by a newly formed part 
of normal appearance. Finally, 320 minutes’ absorption caused 
stronger leaf injuries than in the preceding case and completely in- 
hibited the root growth. 
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In another experiment a solution containing 2,000 mg NaClOs 
per 1 was used. An absorption period of 10 minutes gave no visiblo 
injuries and 20 minutes gave barely perceptible injuries, while 30 and 
60 minutes^ absorption resulted in conspicuous yellow striping of 
the leaves and Sharp bendings of the roots. Immersion of the shoots 
in the same chlorate solution for 30—60 minutes gave sporadic, 
sharply delimited, yellow spots on the leaves. These are not wetted 
by the solution which ran rapidly off and which had obviously pen- 
etrated into or evaporated on the leaves only on a few scattered 
points. 

Strong injuries could, however, be brought about by the infiltra¬ 
tion of chlorate solution into the leaves in vacuo, The shoots of wheat 
plants, six days old, were immersed into a beaker with chlorate so¬ 
lution and placed in a desiccator which was repeatedly evacuated 
and refilled with air. After the treatment the shoots were rinsed with 
water and the plants were cultivated in the usual way for 6 days. 
Oontrol plants, infiltered with distilled water, showed no signs of 
injury. Infiltration with Solutions containing 100 or 250 mg NaClOg 
per 1 gave scattered yellowish areas on the upper parts of the leaf 
blades, while 500 and 1,000 mg resulted in a whitish discoloration 
of the whole of these parts of some leaves. Any effects on the root 
growth could not be found, and for that reason it seems probable that 
no downward translocation of chlorate or poisonous metabolic Pro¬ 
ducts has taken place. 

4 — 47490 Lai^hruhahögBkolana Annaler. Vol. 15 
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Good descriptions of the chlorate injuries to the shoots of various 
plants liave previously been given (e. g. Loomis et al. 1933: corn 
seedlings etc.; Vidme 1943 p. 270: barley, oats, wheat, corn; Hurd- 
Karrer 1940), but the root injuries have been neglected, the sole 
exception being given by the early observations of Stiehr (1903 p. 
07—71). The presence of chlorate in the treated plants has been 
shown by ineans of qualitative tests (Mach & Herrmann 1928, 
Yamaraki 1931 b) and quantitative analyses (Offord & d’Urbal 
1931, Crafts 1939 b), but no efforts to determine the amount of 
chlorate reduction in the plant have been described. Further data 
as to this process are given in the following chapters (cp. p. 97). 

4. The Effects of Various External Factors on the 
Absorj>tion and Toxicity of Chlorate. 

A. The effect of li[[|ht. 

.\iter a preliminary experiment had shown that there was no appre- 
ciable injury to the shoot of young wheat plants grown in the dark 
on nutrient Solutions (»ontaining 0.25—0.5 mM KOlOg (j). 71), 
the following exi)eriment was made in order to show whethor or 
not the quantity of chlorate absorbed in darkness was great- enough 
to cause injury to the plants when thcy were transferred to the light. 

Experiment V. Seedlings, planted on 2^ov. 8, 1945, and grown 
in the light for 5 days and in darkness for 2 days, were arranged in 
three equal series, eacli containing cultures on pure solution A and 
on solution A with 0.5 or 2.5 mAf Ki^lOg. 

Ser. L was grown in the illuminated (*hamb(*rs for 8 days. 

Ser. D w^as grown in a dark chamber for the same time. 

Ser. DL w as placed in darkness for 2 days. All plants wen» t hen 
transferred to pure solution A arnl placed in an illuminated 
chamber for the remaining 6 days. 

At the end of the experiment the plants wen^ measured and weightni 
in the usual way (table 8). As to their appearances the following 
notations were made: 

Ser. L: The root parts newly formed in 0.5 inM KOlOg 3 cm) 
showed repeated (up to 4) discoloured zones and bendings; 
leaves strongly discoloured and withered. At 2*5 mJlf KOlOg 
the injuries were still more pronounced. 

Ser. D: At 0.5 mM KOlOg the shoots were quite similar to these 
parts of the control plants; some of the roots, however, showed 
a discoloured zone and a tendency to formation of sharp bend¬ 
ings. At 2.5 mM KOlOg there was some yellowing of the 
leaves. 
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Table 8 . Lengih and freah weight of young wheat plaMs from Exp. V. 

L: light, D: darknese, DL: absorption in darkness, further growth in light. Average 
values for 2 groups of 14 plants. 



... 

1 

KClOa, rciM 



S 

- 

_ - 





0 1 

O.ö 

2.5 


Length of shoots, cm . 

. . Ifi 

1 

.S2.5 j 

30.5 

22 

L 

1 )) )) roots, cm . 

. 10 

16.5 1 

13 

10.5 


j Weight of shoots, g. . 

.. 1.4 

3.8 

2.1 

1.3 


' Length of shoots, cm .. 

. 16 ! 

24 1 

24 

21 

D 

» *> roots, cm . . . 

. , 10 

11.5 1 

11.5 

10.5 


Weight of shoots, g. . . 

.1.4 

2.5 i 

2.4 

1.8 


! Length of shoots, cm.. 

. 16 

. 

33 1 

31.5 : 

28 

DL 

1 » » roots, cm. . 

10 

15.5 ■ 

16.5 

14 


1 Weight of shoots, g. . • - 

. .1 1.4 

3.6 1 

3.6 

2.2 


I)L\ At 0.5 mM KCUO 3 the plants were similar to the Controls. 
A t 2.5 mM KOIO 3 , however, the shoots showed typical chlorate 
injuries: the npper parts of the leaves were spotted in yellow and 
yellowish green, and partly withered. The newly formed part 
of the roots 4 (*rn) were delimited from the older parts by a 
discoloured zone. 

Tlie (‘xperiiiK^nt- confirmed that no shoot injuries o(*cur after growing; 
the ])lants in darkness on Solutions with 0.5 niM chlorate, and that 
the root injuries are very slight. At 2.5 mM chlorate, however, there 
are appreciable shoot and root injuries also in the dark (ser. B), At 
t his (‘oncentration the plants w^ere further able to absorb, in two days, 
a quantity of chlorate, sufficient to eause typical injuries durin^? a 
following period in lighted chambers (ser. BL), 

Jn order to j^et some information about the effect of the same 
aniount of absorbed (*hlorate in light and darkness, respectively, an- 
other experiment was made, where all plants w-ere transferred to 
pure solution Ä after the absorption period. 

Experiment VI. Seedlings planted on Oct. 21 , 1946; aft<*r 5 days 
transferred to solution A with 2.5 mM KClOg and placed in darkness 
tor 2 days. All x>lants were then transferred back to pure solution A 
and dis tributed on a lighted and a dark control chamber, where they 
were grown for another 7 days, After that period the illuniinated 
plants showed typical signs of chlorate injury: the leaf blades had 
yellowish stripes and their tops were withered; several roots had con- 
sid(‘rable newly formed parts (table 9) preceded by sharp bendings. 
In the darkness the green colour of the leaves had begun to fade dif- 
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Table 9. Lengih and fresh weight of young wheat plants from Ecop, VI, 

Grown in light (L) or in darkness (D) after previous abeorption of chlorate in the 
dark. Average values for 4 groups of 14 plants. 



S 

L 

D 

Length of shoots, cm. 

12 

18 

15.6 

» » roots, cm. 

7 

12 

7.5 

Weight of shoots, g. 

1.1 

1.7 

1.5 



Table 10. Lengih and fresh weight of young wheat plants from Exp. VII. 

LÄ: light, 3.6 niM NOg'. DA: darkness, 3.6 mM NOg'. LB: light, 10.8 mM NO,'. 
Average values for 4 groups of 14 plants. 






NaClO,, 

mg per 

1 



S 








0 

26 

50 

100 


Length of shoots, cm.... 

22 

33.5 

33 

32.5 

30.5 

T A 

» » roots, cm. 

14 

17.5 

17 

16.5 

14 

JUA. 

Weight of shoots, g. 

2.3 

5.1 

3.8 

3.1 

2.5 


» » roots, g. 

2.0 

3.0 

1.9 

1.5 

1.3 


Length of shoots, om.... 

22 

28.5 

30 

30 

29 

n A 

» » roots, cm. 

14 

14 

15.5 

15.5 

14.5 

UA. 

Weight of shoots, g. 

2.3 

3.0 

3.2 

3.3 

3.2 


» » roots, g. 1 

2.0 

1.7 1 

1.8 

1.6 

1.5 


Length of shoots, cm .... i 

22 

35.5 j 

36 

35.5 

36 

T 7? 

» » roots, cm. 1 

14 

17 1 

17 

16.5 

17 

LilS 

Weight of shoots, g.‘ 

2.3 

5.5 ! 

5.3 

4.8 

4.3 


» » roots, g.’ 

2.0 

3.3 

2.6 

2.4 

2.2 


fusely and some small stripes and spots of a darker green were appar- 
ent; the root growth was very slight, probably because of insuffi- 
cient carbohydrate nutrition. 

In this case the chlorate amounts of the illuminated and the dark- 
ened shoots must be supposed to have been equal. Typical chlorate 
injuries only occurred in the light, however. Corroborating evidence 
as to this phenomenon was obtained in the following experiment, 
where the amounts of chlorate actually absorbed by the plants were 
determined by means of Chemical analysis. 

Experiment VII was designed to show the effect of light as well 
as that of nitrate concentration upon the intensity of chlorate in¬ 
jury. The seedlings were planted on Jan. 1,1946, and were transfer- 
red to the experimental Solutions ten days later. Two series of cult- 
ure tubes contained solution Ä with 0—100 mg NaClO, per 1; one 
















Table 11. Absorption and reduetion of chlorate in Exp. VII. 

LA: light, 3.6 mM NOg', DA: darkness, 3.6 mAf NO^j. LB: light, 10.8 milf XOg'. 
Values calculated as in tab. 4. 
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Value for the control plants in all series: 0,6. 
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Fig. 8. Rolative shoot and root weight (control cultures = 100) at different chlorat(» 
concontrations. Exp. Vll. 


of these series (LA) was placed in an illurninated cliamber, the other 
(BA) in a darkened one, A third series (LB) contained solution B 
( 10.8 mM NO 3 as compared with 3.6 niAT in sol. A, p. 40) with the 
same amounts of sodiuni clilorate; it was placed in the same chamber 
as LA. After 7 days the plants were measured, weighed, and analysed 
(tables 10 and 11, fig. 8 ). The plants of series LA showed the typical 
chlorate injury of an intensity rising with the chlorate concentration 
(roots with bendings from 25 mg NaOlO., per 1 and upwards). In 
the series DA there was no sign of a shoot injury even at the highest 
chlorate concentration; the roots showed some bendings at 50 and 
100 mg NaClOg per 1 , but their growth was week in all cases (also in 
the control without chlorate). 

From the analytical values in table 11 it is clear that the intake 
of chlorate has been much reduced in the dark (to about half the 
value for illurninated plants) and that the reduction of chlorate is 
still more depressed. As in exp. II (p. 42) there was no excess of 
chloride in the root systems of chlorate-treated plants as compared 
to the Controls. Instead there was a slight deficit (table 11) which 
may be a sign of an altered distribution of the chloride amount orig- 
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Table 12. Length, freah weight and sodium chlorate eontent of young 
wheat planta from Exp, VIII, 

Grown in the dark. Average valuea for 4 groups of 14 planta. 




NaClO», 

mg: per 

1 









0 

100 

200 

400 

Length of shoots, cm. 

11.5 

26 

19.5 

18 

15 

» » roots, cm. 

7.6 

12.6 

10 

8.5 

8 

Weight of shoots, g. 

1.2 

2.7 

2.2 

1.9 

1.5 

» » roots, g. 

1.5 

1.7 

1.6 

1.4 

1.4 

mg NaClOg per 66 plants . . 

1 

0 

8.8 

11.2 

10.9 

mg Cl » » » .. 

—• i 

1.6 

1.6 

1.6 

1.8 


inally present in the plants. Small amounts of chloride may also 
have been transported to the shoots. Under the circumstances the 
slight chloride excess in the shoots of series DA, tabulated as an equi- 
valent amonnt of »NaClOg, red.» (Cl x 3), ig no reliable indication of 
any chlorate rcduction in this part of the plant. 

In spite of the lower intake of chlorate such amonnts have accu- 
niulated in the darkened plants that definite injury would have been 
the result if the toxicity had been the same as in light. The total ab- 
sence of shoot injuries shows that the toxic action of chlorate (and 
its reduction) in this part of the plant is highly dependent on light. 
As to the roots there was some injury also in the dark; its intensity 
was apparently less than in light, but a close comparison is difficult 
because of the slight root growth in the dark. 

Experiment VIII was designed to give some further data as to the 
effect of high chlorate concentrations in darkness. The seedlings were 
planted on Nov. 14,1946, After 5 days they were transferred to solu- 
tion A with varied chlorate eoncentration and placed in darkness. 
After aiiother 7 days the plants were measured, weighed and analysed 
(table 12). The older leaves had in all cases begun to turn yellow. 
The young leaves of the control plants had expanded considerably 
and were yellow with green tips, At 100 and 200 mg NaClOj per 1 
the expansion of the young leaf blades was strongly, and at 400 
mg almost wholly inhibited. The seedlings were 5 days younger than 
in exp. Vll and the control plants showed a considerable root growth. 
At 100 mg NaClOg per 1 there were recently formed root parts of 
up to 3 cm length precoded by Sharp bendings. Such new root parts 
(^ 0.5 cm) were formed also at the higher chlorate concentrations. 
At the highest eoncentration used there was, however, only a few 
of them. Any significant inerease of the chloride eontent of the 
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chlorate-treated plant was not fonnd. Considering the analytical 
difficnlties this inay not be taken as evidence against the existence 
of a very slight reduction of chlorate in the dark. 

The toxicity of chlorate to young wheat plants has thus been shown 
to be highly reduced in the dark. Eoot injuries of the same type as 
those appearing in light are also produced in the dark, though to a 
less degree. Shoot injuries are only produced at relatively high chlor¬ 
ate concentrations, and are, contrary to the injuries appearing in 
light at lower concentrations, not mainly restrictod to the older, full- 
growii leaves but located to the young leaves, the expansion of which 
is inhibited. 

The lowering of the toxicity in the dark is partly (»nnditioned by a 
diminished intake of chlorate. Also the action of chlorate in the plant 
must, however, be influenced by the light, which probably causes 
a more rapid decomposition and reduction of the chlorate. 

Yamasakt (1929 a, b) has earlier observed that rice and wheat 
seedlings were less resistant to chlorate when grown in sunshine than 
when grown in shade, and also (1931 b) that seedlings which were 
allowed to absorb chlorate previously were injured only slightly in 
the shade while they were affeeted markedly in the sunshine (ep. 
exp. VI above). He suggested that there was a connection between 
the higher toxicity and the higher produetion of reducing substances 
in the sunshine. Opfobd (1931 p. 17) States that there is a decom¬ 
position of chlorate in ultra-violet light and suggests that »a slow 
decomposition with a corresponding change in the oxidizing potential 
of the Chemical oceurs in the superficial layers of the plant catalyzed 
by sunlight and within the plant tissue by virtue of reducing substan¬ 
ces such as tannins or reducing sugars under the stimulus of life pro- 
cesses». For Nitella cells immersed in sodium chlorate solution Of- 
FORD & I)’Urbal (1931) found that daylight (and red light) greatly 
enhanced the penetration of chlorate into the cytoplast and also the 
injury. Åslander (1931) found that young barley plants cultivated 
in soil with 100 p. p. m, sodium chlorate died faster in light than in the 
dark, and also that green corn seedlings were more affeeted than al- 
bino ones. From this and from the faster action of chlorate in the 
green shoot of Girsium arvense than in the roots, he coneludes that 
the presence of (jhlorophyll probably enhances the toxicity of chlor¬ 
ate. Experimenting with a biological method for the determination 
of chlorates in soil Stapp & Btjcksteeg (1938 p. 368) observed that 
the sensitivity of the test plants was very much reduced at low light 
intensities. Also Eademacher (1940 p. 107) suggests that the action 
of chlorate is dependent on sunshine. 

On the other hand Loomis et al. (1931), and also Crafts (1936 p. 
700), deny the röle of light in the toxic action of chlorates, referring 
to the direct killing of underground portions of the plants. 
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The simplest way of combining the controversial groups of facts 
seems to lie in the assumption that the chlorate may exert its toxic 
actions upon the green plants by different processes: 

1, For the roots a light-independent process must be assumed. The 

aggravation of the injuries of plants with illuminated shoots is 
easily interpreted as dependent upon an ampler supply of assi- 
milates necessary for the root growth and for the toxic process. 
On the other hand this aggravation cannot likely be interpreted 
as a secondary effect of toxic processes going on in the shoot 
(cp. p. 49). 

2, At moderately high chlorate concentrations (< 100 mg NaClOg 

per 1 nutrient solution) the shoot injuries are, at least for young 
wheat plants, caused by a process wholly dependent on light 
and mainly located to the upper parts of the full-grown leaves. 

3, A t high er chlorate concentrations shoot injuries are apparent 

also in the dark. Contrary to the light-dependent injuries they 
are most conspicuous for the young, growing leaves. Possibly 
the light-independent process postulated for the roots may be 
responsible for these effects, too. 


B. The eiffect of lemperature. 

A close study of the effects of temperature upon the chlorate in- 
take and metabolism seems to be of fundamental importance for 
the understanding of its mode of action by autumnal application. 
The behaviour of the dormant stages of various weeds, among other 
things, should thereby be studied. The present investigation is, 
however, restricted to young wheat plants, for which the temperature 
relations of chlorate absorption have been determined in the light 
as well as in darkness. 

Experiment IX. Seedlings planted on Oct. 31, 1946. Af ter 8 
days transferred to solution A with different amounts of NaClOg 
(table 13) and placed in control chambers at 15.5 and 25.0° C. The 
chambers were lighted by sodium and mercury lamps (2 Na- 
1,000 + 1 HgQ-500 per chamber). The radiation intensity was 
31 mgcal/cm^ • min in the range below 700 mfx, and the length of the 
photoperiod 16 hours (4 a. m, — 8 p. m.). After 5 days the plants 
were measured, weighed, and analysed (tables 13 and 14, fig. 9). 
The leaf injuries were somewhat stronger at 25° C, where the older 
leaf blades were wholly withered. There is no corresponding rise 
in the fresh weight reduction, however, and this may be connected 
with the slow and local action of chlorate: the young leaves showed 
a considerable growth also at the highest chlorate concentration 
used and this growth was much more rapid at the higher temperature. 
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Table 13. Lengih and freah weight of young wheat plants from Exp, IX. 


Grown at 15® and 25® C. Average values for 4 groups of 14 plants. 







— 

— 





NaClO,, 

mg per 

1 



S 


- 






0 

i 20 

40 

60 


Length of shoots, cm. 

18.5 

27 

24 

24 

23 

1 RO 

» » roots, cm .... 

11.5 

14.5 

1 11.5 

12.5 

12.5 

lo 

Weight of shoots, g. 

1.8 

2.8 

1 2.2 

2.0 1 

1.8 


» » roots, g. 

1.4 

2.3 

1.7 

1 1.7 ; 

1.6 


Length of shoots, cm . . . . 

18.5 

! 32.5 

i 

30.5 

28 


» » roots, cm. 

11.5 

i 13.5 

1 13 

12 

1 12.5 

25 

Weight of shoots, g. 

1.8 

3.3 

i 2.7 

2.5 

2.4 


» » roots, g. 

1.4 

: 1.8 

! 1.7 

1.0 

1.6 


Table 14. Absorption and reduction of chlorate in Exp. IX. 

Vallies oalculated as in tab. 4. 




‘I 

1 . 

15® 


25° 

I 


j 

NaClOj, 

mg ]>er 1 





! 

1 20 

1 

40 1 

i 60 

20 

40 

60 

i mg per 56 j 

1 NaClO, .... 

! ! 

.... 1 3.4 

3.6 

1 

1 6.2 

6.2 1 

8.3 i 

1 

13.5 

1 plants [ » , red . . 

.1 lA 

3.4 

1 0.9 

2.8 1 

3.1 i 

0.5 

2 NaC 103 in 

the plants . . . 

. ... 4.8 

7.0 ' 

7.1 

9.0 

11.4 1 

1 14.0 

mg NaClOs 1 
per 600 rnl J 
nutrient | 

soliition 1 

1 Initial value . 

. . . 12.0 

24.0 

36.0 

12.0 

24.0 

! 36.0 

1 Einal value . . 

7.0 

! 19.1 

27.8 

4.7 

13.5 

22.5 

Differonce. . , 

. . , 5.0 i 

1 4.9 

8.2 

7.3 

10.5 

13.5 



Fig. 9. Relative shoot weight (control cultures = 100) at different chlorate con- 
centrations and different temperatures. Exp. IX. 
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Table 15. Length and fresh weight of young wheat plants from Exp. X. 
Grown in the dark at 1® and 15” C. Average values for 4 groups of 14 plants. 




1 


15” 


S 

NaClOg, 

mg per 

1 




0 

50 

0 

50 

Length of »hoots. cm. 

14 

15.5 

15.5 

28 


30 

» » roots, cm. 

8.5 

9.5 

8.5 

12 


11.5 

Weight of shoots, g. 

1.5 

1.6 

1.6 

2.8 


2.7 

» » roots, g. 

1.4 

1.7 

1.6 

1.8 


1.7 


Table 16. Äbsorption of chlorate in Exp, X. 


mg NaClO, 
per 500 ml 
nutrient 
solution 



1 ” 

15” 

per 56 plants. 

1 

3.1 

9.4 

Initial value. 

30.0 

30.0 

' Final value .. . . i 

27.0 

21.0 

Diff erence. 

3.0 

1 

9.0 


At 25° 0 the root growth was disturbed even in the chlorate-free 
eontrol cultures: the roots showed irregular curvatures and primordial 
lateral roots were to be seen almost down to the apex. In spite of 
this the äbsorption of chlorate was approximately twice higher at 
the higher temperature. 

Experiment X, Seedlings planted on Nov. 18, 1946, after 5 days 
transferred to solution A with or without addition of 50 mg NaOlOj 
per 1, and plaeed in dark temperature eontrol cabinets at 1° and 15° C. 
After 9 days the plants were measured and analysed (tables 15 and 
16). At 1° C the growth of shoots as well as of roots was very slight, 
and no signs of injury could be deteeted. At 15° C some new, yel- 
low leaves had appeared, and the roots showed the typical Sharp 
bendings in the chlorate solution. The intake of chlorate was 3 
times higher at 15° than at 1° C. I^o significant rise of the chloride 
eontent over that of the Controls was observed. 

Summarizing, it may be said that the chlorate intake rapidly rises 
with the temperature. There is no corresponding rise, however, in 
the effeet of chlorate in reducing the fresh weight of the shoots. As 
is already pointed out this is probably dependent on the slow and 
mainly to the older leaf blades localized effeet of the chlorate. The 
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higher growth rate at higher temperatures may also bring about a 
distribution of the absorbed chlorate on a greater amount of living 
tissue. See further p. 97. 

In soils tbe chlorate undergoes a slow dccomposition, the rate of 
which increases with the temperature (Åslander 1928 p. 927, 
Loomis et al. 1933 p. 737, Sciiwendiman 1941). For soil culturcs of 
several plant species Htjrd-Karrer (1940) found consistently less 
injury at 20—22° than at 10—12° C, and she suggests this to be due 
to the higher rate of the chlorate dccomposition in the soil at the 
higher temperature and also to »a possible connection between vi- 
gor of growth and chlorate tolerance». Yamasaki (1929 b) found 
wheat plants previously grown at high temperature less susceptible 
to chlorate injury than those grown at low temperature. 


i\ The effeet of nitrate. 

It has earlier been shown that soil fertility has a profound influence 
upon the toxicity of chlorate, and that the nitrate content of the soil 
is the predominating faetor in this respect. A study of the effeet of 
varied nitrate concentration in the nutrient solution upon the ab- 
sorption and reduetion of chlorate was therefore made. 

Experiment XI, Seedlings planted on I)ec. 12, 1945. Af ter 6 
days one series of culturcs was transferred to solution A with varying 
amounts of soduim chlorate, and another series to a nutrient solution 
with a nitrate concentration 3 times as high as A (solution p. 40) 
and with the same chlorate additions as the first series. Aftcr 7 days 
the plants were measured and weighed (table 17 and fig. 10). In 
the A series the roots showed typical bendings at a chlorate concen¬ 
tration of 30 mg I^aClOg per 1 and higher, while the plants of the B 


Table 17. Lengih and fresJi weight of young tvheat plants from Exp, XI. 

A — nutrient solution with 3.6 mM NO 3 ', B — do. with 10.8 mAZ NOg'. Avorage 
values for two groups of 14 plants. 




s 


NaClOg, mg per 1 






10 

30 

50 

70 


Length of shoots, cm. 

15 

29 

29 

27 

26 

26 

A 

1 » » roots, cm. 

8.5 

15 

15 

14 

11.5 

10 


Weight of shoots, g. 

— 

3.7 

3.5 

2.2 

2.0 

1.7 


Length of shoots, cm. 

15 

30 

30 

29 

29 

29 

B 

» » roots, cm. 

8.5 

13.5 

13 

13.5 

12.5 

13.5 


Weight of shoots, g. 

— 

3.8 

3.8 

3.6 

3.2 

3.1 









Mechanism of the Toxic Action of Chlorates 


61 



Fig. 10. Relativo root length and shoot weight (control cultures = 100) at different 
chlorate and nitrate concentrations. Exp. XI. 


series had only weak root bendings even at 70 mg per 1. The shoot 
injuries were also much weaker for the B series than for the A se¬ 
ries: )>B 30» was comparable to »A 10», while the injuries of »5 50» 
and )>B 70» were distinctly stronger than those of »A 10» but weaker 
than those of »A 30». The chlorate toxicity seems to be about 3 
tinies lowered in solution B^ and should thus be inversely propor¬ 
tional to the nitrate concentration. 

Further data on the effect of the nitrate concentration were 
found in exp. VII: series LA and LB (p. 54), Also in this case the 
chlorate toxicity was considerably lowered in solution B, The in¬ 
juries of the plants ^LB 100» were most nearly comparable to those 
of »LA 25». Root bendings were present in series LA at 25 mg chlor¬ 
ate per 1 and higher concentrations, in series LB at 50 mg and more. 
From table 11 it is further seen that the intake as well as the reduc- 
tion of chlorate is lower for series LB than for LA. A comparison 
between »LB 100» and »LA 50», with nearly equal chlorate absorption, 
makes it clear, however, that the lowered chlorate toxicity in solu¬ 
tion B cannot wholly be a result of lowered chlorate intake. Other- 
wise the higher degree of injury in the case of »LA 50» remains un- 
interpreted. 

In order to gain more detailed quantitative data as to these cir- 
cumstances another two experiments were made, in which the chlor¬ 
ate and nitrate concentrations were varied parallelly. 

Experiment XII, Plants grown for 6 days in Solutions G and B 
(p. 40) with identical concentrations of the different cations; 10.8 
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Table 18. Length^ fresh weight and sodium chlorate content of young 
wheat plants from Exp, XII, 


c: 3.6 mM NOg'. B: 10.8 mM NO 3 '. Average valuos for 4 groups of 14 plants 
(control oultures without chlorate: 2 groups). 




C 



B 





NaClOg, 

nig per 

1 



0 

25 

j 50 

" 

75 

150 

Length of shoots. cm. . . . 

28 

' 26.5 

' 24 

27.5 

27 

24 

» » roots. cm .... 

14.5 

12.5 

11 

13 

12.5 

11 

VCeight of shoots, g. 

4 1 

2.9 

2.1 

3.8 j 

2.8 

2.1 

» » roots, g . . . . • • 1 

2.7 

2.0 

1.4 

2.5 ; 

1.8 , 

1.4 

mg NaClOg per 56 plants. 

0 

1.4 

3.6 

0 

4.1 

7.4 


Table 19. Length and fresh weight of young wheat plants frorn 

Exp, XIII, ‘ 

.4. 3.6 liiM NOj'. B: 10.8 mM NO,,'. Average valuos for 4 groups of 14 plants 
(control oultures without chlorate: 2 groups). 





A 



U 



S 



NaClOg, 

nig per i 





0 

25 

50 

0 1 

75 

150 

T.»('ngth of shoots, cm . . 

14 

28.5 

27.0 

24.5 

32 1 

30 ; 

1 

27.5 

» >) i’oots, cm 

7 

14.5 

12 

' 10.5 

14 1 

14 

13 

V\'cight of shoots, g. 


4.0 

3.2 

2.2 

4.7 

3.5 1 

2.8 

» » roots, g. . . 

t_ 

2.8 

2.1 

1.6 

2.7 1 

2.1 

1.8 


mM NO 3 ' of solution B eorrespouds to 3.6 iiiÅf NO 3 ' I 7.2 111 ilf 01' 
of solution 0. The results of the measurements and analyses are 
presented in table 18. The shoot and root injuries were quite simi¬ 
lar for »0 25» and »B 75» as well as for »0 50» and »B 150». For the 
same degree of injury the amount of.chlorate found in the plants was 
eonsiderably lower in the C series than in the B series. 

Experiment XIII, Seedlings planted on April 18, 1946. After 
5 days transferred to Solutions A and B with varied amounts of 
chlorate. After further 6 days the plants were measured and ana¬ 
lysed (tables 19 and 20). The degree of injury was similar for »A 25» 
and »B 75» and also for »A 50» and »B 150». Quite as in exp. XII 
the chlorate intake was much higher in series B than in series A 
for the same degree of injury. The amount of chlorate reduction 
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Table 20. Absorption and reduction of chlorate in Exp. XIII. 
A: 3.6 mM NO#'. B: 10.8 mM NOj'. Values calculated as in tab. 4. 


NaClO,, mg per 1 


i 

j 

mg per 50 1 . * led 

25 60 75 

150 

1 1 ; 

1.0 { 4.2 i 4.9 , 9.6 i 

5.5 4.7 4.7 ; 5.5 

6.5 8.9 9.6 15.1 

mg NaClOg 1 
por 600 ml | 
nutrient 1 

solution 1 

Initial value. 15.0 

1 Final vaJue. 6.0 

Difference.; 9.0 

30.0 45.0 

18.0 31.6 

12.0 13.4 

90.0 i 

70.5 j 

19.5 1 


Table 21. Length and fresk weight of young wheat plants from 

Exp. XIV. 

Averago values for 4 groups of 14 plants. 


C*9 



Sol. 

A with addition of 10 mM 


PO, 

KCl 

KjSO, 

j KNOj 


Length of shoots, cm . . . .' 

14 

28 

29 

30.5 

29.5 

^ 31 


» » roots, cm. 

8.5 

14 

14.5 

13.5 

13.5 

15 

0 

Weight of shoots, g. 

1.3 

3.6 

3.6 

4.0 

3.7 

4.2 


» •> roots, g. 

1.4 

2.6 

2.6 

3.0 

2.3 

3.1 


Length of shoots, cm . . ' 

14 

25 i 

28.5 

26.5 

23.5 

31 


» » roots, cm . , 

8.5 

10.5 

12 

12.5 

11 

15 

1 50 

Weight of shoots, g. . 

1.3 

2.4 : 

2.1 

2.0 

1.8 

' 3.6 


» » roots. ET. 

1.4 

1.5 ! 

1.6 

1.5 

1.5 

1 2.3 

1 £ ^ i 

Length of shoots. 


89 

98 

87 

i .. 

> 80 

1 

100 


» » roots.. 


7ö ^ 

83 

93 

81 

100 

c 0 

1.5 g i: 

Weight of shoots. 1 

- 

67 I 

58 

50 

1 49 

: 86 

Jli- o c 

*« i- o 

» » l’OOt8. 1 

-- 1 

58 1 

62 j 

50 

1 65 

74 


C t' 

O 


Average 


72 


75 


70 


69 


90 


was of the same ma^nitude in all cases, also for the two different 
degrees of injury (cp. p. 97). 

Finally an experiment was made in which the effect of various 
other anions was studied parallelly with that of nitrate. 

Experiment XIV. Seedlings planted on Oct. 17, 1946, were 
af ter 5 days transferred to solution Ä with additions of 10 mJlf 
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KCl, 10 mM K 2 SO 4 , 10 mM KNO 3 , or 8.4 inAf KH 2 PO, + 1.4 mM 
l!fa 2 HP 04 . One series of plants was cultivated in these Solutions 
without chlorate, while 50 mg NaClOa per 1 was added to the nu- 
trient Solutions of another series. In the control series there were 
no conspicuous differences. In the chlorate series, however, the 
»nitrate plants» were outstanding by the much lower degree of in¬ 
jury; the leaves were less withered, though yellow-striped, and the 
roots showed no conspicuous bendings. Also from an inspection of 
table 21 it is clear that nitrate, but none of the other ions tested, has 
exerted an inhibiting effect on the toxicity of the chlorate. — From 
exp. XII it may be concluded that a chloride effect, if any, must be 
much lower than the nitrate effect. 

Summarizing, it may thus be said that the nitrate ion exerts a 
specific depressing effect upon chlorate toxicity, and that this ef¬ 
fect is partly due to a lowered chlorate intake but also to an action 
upon the toxic processes within the plant. Both shoot and root in- 
juries can be much reduced, but not completely eliminated, by the 
addition of excess nitrate. 

Chabrolin (1933) was apparently the first one who observedthe 
inhibiting effect of nitrate on chlorate toxicity. Ile studied the in¬ 
hibiting effects of various hygroscopic substances upon the toxicity 
of sodium chlorate, and remarks: »Cet effet antitoxique est tres 
marqué avec le nitrate de chaux. Une solution ä 1 % de chlorate de 
soude et 10 % de nitrate de chaux est å peu prés dépourvue de tout 
effet toxique tant sur le blé (wheat) que sur la Kavenelle (Baphanus 
raphanistrum),» The same effect was then independently found by 
Cbaftö (1939 b) in his extensive investigations as to the effect of 
various soil factors upon chlorate toxicity. For some of the more fer¬ 
tile soils there was also a weak effect of chloride and sulphate (cp. 
also 1939 a), while a phosphate effect was wholly absent. The same 
weak effects were also found for single-salt solution cultures, but in 
this case the results are scarcely (ionclusive because of the abnormal 
development of the control plants, too: »deficiency symptoms in 
many cases overshadowed chlorate effects» (1939 b p. 668 ). The 
possibility thus remains that the effect of chloride and sulphate found 
for certain soils may be of an indirect nature. Offord & d’Urbal 
(1931 p. 802) report that addition of ammonium chloride to sodium 
chlorate solution gives a mixture »as toxic as or even more toxic than 
the simple chlorate» to Nitella cells. Hurd-Karrer (1941 a p. 203) 
found no inhibiting effects of potassium, calcium, magnesium, phos¬ 
phate, sulphate, or chloride ( 1 . c., table 6 ) ions in solution cultures of 
barley plants. The nitrate ion exerted a strong effect, but in no 
case, not even at toxic nitrate concentrations, the chlorate toxicity 
was completely inhibited. The absence of inhibiting effects of the 
cations, including the ammonium ion, upon the chlorate toxicity was 
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first shown by Crafts (1939 b) for oats. In soils with bigh nitrifying 
power a nitrate effect was apparent, however, after the addition of 
ammonium salts, a phenomenon which was also studied by Hued- 
Kaeree (1941 a, 1946). In two preliminary experiments with 
Cucurbita maxima plants, cultivated in aerated nutrient Solutions, 
Ceafts (1939 b p. 668) found the high-nitratc solution to cause a 
considerably lowered chlorate concentration in the xylem sap. As 
already x>ointed out this inhibition of the chlorate absorption cannot, 
however, be the sole cause of the nitrate effect. 

The existence of such an effect in soil was confirmed by Helgeson 
(1940), ScHWENDiMAN (1941 p. 534) suggests that the effect of or- 
ganic matter in lowering chlorate toxicity is indirect and caused by 
the higher nitrate content of soils rich in organic substances. Haines 
(1933) found the chlorate rcsistance of young clovcr plants to be in- 
<Teased by sced inociilation as well as by fertilizing with ammonium 
sulphate, while Vidme (1943 p. 279) only found insignificant effects 
of nitrate in experiments with some other leguminous plants. In 
field experiments with Soja max Nblson (1944) found no effect 
of sodiuni nitrate». or ammonium suli)hate, while there was a conspi- 
(‘uous efre<‘t of manure. In the laboratory experiments the nitrate 
concentrations tested have usually been much higher than the chlor- 
at(» concentration, and further investigations have to bc made be- 
fore the conditions ne(tessary for a successful appheation of nitrogen 
fertilizers again st residiial chlorate effects on arable land are satis- 
fac.torily known. 

In this conneelion it should be noted that Hukd-Kaeeee (1941 a) 
found tlu» nitrate effect to be less i)ronouneed in an acid soil than in 
neutral and alkaline ones (experiments with sunflower plants). 
In a later stiidy (1946 p. 23), however, she found the nitrate effect 
to b(» about equally strong at a pH of 4.3—4.6, 6.5—6.4, or 7.9— 
7.7 (young barley plants), and restriets the influence of soil reaetion 
to other nitrogt»n fertilizers which must be transformed to nitrate 
in order to have any effect, the rate of nitrification varying directely 
with tlie pH of tiie soil. In the summary the following statement is 
made (1. c. p. 29): »The effect of the various nitrogen fertilizers in 
inhibiting (*hlorate toxicity, although great enough to leave no doubt 
as to the faet, was nevertheless too srnall to be of practical signific- 
ance for an already fertih» soil.» 


13. The eflect of hydrogen ion concentration. 

In vitro the reaetivity of chlorate can bc greatly euhanced through 
the addition of strong aeids. Though it is improbable that a 
measurable reaetion between chlorate and organic substances in 
living cells may be induced by a low pH solely (p. 91, 94) it is 

5 — 47490 Lantbrukshögskolans Annaler. Vol. 16 
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nevertheleBs important to oonsider the influence of this factor upon 
the reaetions catalyzed by specific substances. As an example the 
oxidation of Kl under the influence of hemoglobin (Mayer 1922; 
cp. p. 86, 92) may be chosen. The amounts of iodine liberated 
varies in the following way witli the pH of the solution: 

pH 8.0 7.7 7.4 7.0 6.6 6.2 5.3 4.5 

Jg 0 2.4 4.5 6.6 7.7 11.5 12.7 13.4 

Even very sliglit variations in the pH can apparently have con- 
siderable effeets on such processes, and it is probable that the pH 
of plant cells varies somewhat with the pH of the medium, though 
the variation in the cells is restricl-ed to a relatively narrow range. 
LoEHWiiSG (1930) found pH-values whieh were 0.7—0.8 units highor 
for expressed sap from wheat plants grown in limed liumus soil than 
for plants from the unlimed soil, and Keyöener (1931) found a risc* 
in the pH of the medium from 3.8 to 7.6 to be accompanied by a 
ris(‘ with 0.5 units in the expressed sap from wheat roots. Eor barley 
roots the pH-increase of the sap corresponding to a rise in tln^ medium 
from 4 to 6.7 was 0.5—0.6 units (Arnon 1939). 

The first experiment on the effect of pH was made in the usual 
way without change of Solutions during the experiment al p(»riod. 
The pH was varied from 4.6 to 7.7 by means of phosphate buffers; 
to one series of cultures 25 mg NaOlOg per 1 was added and the 
(uiltures of another series served as Controls. At the end of the ex¬ 
periment the pH-differences of the Solutions were much reduced 
(range 6.1—6.8 for both series), but in spite of that the (»hlorate 
injuries were apx>arently stronger for the cultures with low initial 
pH-values than for the culture with an initial value of 7.7. 

Experiment XV was a repetition of the preceeding experiimait 
but the nutrient Solutions were changed daily. Solution E (p. 40) 
with additions of 6.8 mM of diffcrent sodium phosphate buffers was 
used. The seodlings were planted on May 10, 1946. Alter 5 days^ 
cultivation in solution A and 2 days’ (mltivation in the test Solutions 
without chlorate one series of cultures (T) was put in Solutions with 
added chlorate (50 mg KaClOg i)er 1), while another (C) was further 
hcld in chlorate-free Solutions for 6 days. The final pH-value of the 
discarded Solutions was measured every day (table 22). The devia- 
tions from the initial values gradually diminished for the Solutions 
containing chlorate, apparently in connection with the aggravation 
of the injuries of the plants. In the Solutions with the nominal pH- 
value 7 there was a slight precipitate and at pH 8 there was a com- 
paratively heavy one. 

At the end of the experiment there were no differences in the 
appearances of the C plants, while the chlorate injuries of the T 
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Table 22. The pE-drip of the various nutrient Solutions in Eocp. XV. 

Kinal values measurcd af ter 24 hours. C: control series, T: test series. 




Nominal pH value 

pH, initial value. . 
pH, final value . . 

4 

5 1 6 \ 7 '' 8 ' 

1 c, T 
a 

1 ^ 

.3.9 

5.5 -* 5.7 
, 5.4 4.1 

1 i ■ 

5.0 1 0.0 i 7.0 i 7.8 

5.7 5.9, 0.1 6.7 7.3 

.5.7 5.1 1 0.1 5.9 , 6.7 7.3 


Table 23. Lengih^ fresh weight, and sodhim chloraie content of youvg 
wheat plants from Exp. XV. 

(Ji own at (lifferont pH -values without {C) or witli öO mg NaClOg per 1 (T) for 6 days. 
Average values for 4 groups of 14 plants. 



- 

o 


Nominal pH- 

value 


1 



4 

J 

6 

7 

8 

j 

C 

19 

34 

.34.5 

35 

34 

34 

: I..('ngth of shoois, ern. 

T 

19 

30 

30.5 

31 

31 

31 


r' 

9 

12 

14 

14 

15.5 

14.5 

; Ji(’ngth of roots, om. 

T 

9 

10 

12.5 

14 

14 

12 


C 

_ 

4.8 

.5.1 

5.1 

4.9 

4.7 

j of shoots, g . ... 

T 

— 

3.1 

3.3 

3.0 

3.7 

3.8 


100 TjC 

— 

65 

05 

70 

70 

81 

' 

“ 


2.5 

2.7 

2.7 

2.8 

2.9 

\\>iglit of roots, g. 

T 


1.8 

1.8 

2.1 

2.2 

2.4 


100 Tja 


72 

08 

78 

80 

83 

j ing XaClOa por 50 pl. 

1 7^ 1 

~ 1 

2.3 

8.1 1 

8.2 

4.8 

5.5 

i l):o, red. 

T 1 

— 

0.6 

4.7 

4.4 

3.7 

2.7 

1 D;o, total . 

1 T 

_ 

8.9 

1 12.8 

12.0 

8.5 

8.2 j 


plants were conspicuously stron^er at the lower pH-values. This is 
also elearly seen from the fresh weifjht values of table 23. The mag- 
nitude of the chloride excess (»NaOlOg, red.», table 23) riins parallel 
with the degree of injury, while the total uptake of chlorate has 
apparently been highest at intermediate pH-values. 

Some experiments were then made with acetate and citrate buffers. 
In the acetate buffers the roots of the control plants soon died at the 
l)H-values 4 and 5, and no good root growth was obtained in citrate 
buffers either. It was therefore decided to make another experiment 
of the same type as no. XV but with a greater volume of nutrient 
solution per plant. 













68 


Börje Aberg 

Table 24, The pH -drift of the various nutrient Solutions in 

Exp. XVI. 

Final values measured after 24 hours. C: control sories, T: test sories. 

Nominal pH-valiio 

_ * I 6 I ^ 

pH, initial value.. .■ C, T 

i (' 

pH, final valuo • • • ^1 rp 


3.7 I 6.0 1 8.3 ! 

3.7-4.0 i 6.0 8.0-7.7 j 
3.7 ! 6.0 i 8.0-7.9 I 


Table 25. Lengih and fresh tceight of young wlieat plants from 

Exp, XVI. 

Grown at different pTT-valuo« vvithoiit (C) or with 50 mg NaClO^ per 1 (T) for 6 days. 
Average valu('K for 4 groups of 14 plants. 



S 

Nommnl pU--valuo 

4 

6 1 6’ 

Lorigth of shoots, cni. 

T 

15 

15 

29.5 

26 

29.5 

27 

29 

28 

Length of roots, cni. 

c j 9 

T j 9 

15 

9 

10.5 

15.5 

16.5 

17.5 

Wfiglit of slioots, g. 

C 

T 

100 TjC 

1.7 

1.7 

1.5 

1.5 

5.6 

3.1 

55 

6.2 

4.0 

64 

5.3 

4.2 

79 


Woight of foots, g. 

C 

T 

100 TjC 

3.5 

1.5 
43 

4.2 
2.5 
60 j 

4.1 

3.1 
76 



Experiment XVI. Heedlings, planted on April 16, 1947, were after 
5 days in solntion A transferred to solutiori E witli additions of 10 
mM of various pliosphate buffers. After another day tliey were trans- 
ferrc^d to the same Solutions with or wilhout 50 mg Nat^lOg i)er 1. 
Each liolder with 14 plants was placcd in a beaker with ca. 700 inl 
of nutrient solution Avhieh was changed daily. In this way the pll- 
values were kept within fairly narrow limits (table 24). After 6 
days the plants were measured and weighed (table 25). At pH 
4 the chlorate had completely stopped the root growth and there 
were no root bendings. These were most conspicuous at pH 6. The 
shoot injuries were relatively sUght at pH 8, and were strongly 
aggravated with decreasing pH. This increase of the chlorate toxicity 
with decreasing pH is also apparent from table 25, especially from the 
growth percentages (100 T/C) calculated from the fresh weight data. 
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The results of the experiments are thus concordant and they are 
further in good agreement with the experimental evidence previously 
pubUshed. An increased toxicity of sodium chlorate in acid Solutions 
was reported by Yamasaki (1931 b p. 324) for young wheat and rice 
plants, and by Offord & d^Urbal (1931) for Nitella (pH range 8.2— 
4.8). Hulbert, Bristol & Benjamin (1931) found cut plants to 
wilt most rai)idly when placed in acid chlorate Solutions, and at least 
in some cases such Solutions have been reported to show an increased 
effect in the spraying of plants (Ball et ah 1931 p. 23, Crafts 1935 
p. 704), while an addition of sodium hydroxide probably reduces 
the toxic effect (Offord 1931 p. 7). A close study of the effect of 
the i)H upon the chlorate toxicity in nutrient solution cultures was 
made by Hurd-Karrer (1941 b) who verified its tendency to in- 
crease. with increasing acidity. 

For soil cultures of longer duration the conditions are comi>licated 
by the fact that the stability and the toxicity of the chlorate vary 
in different directions with the pH. Already in 1928 MAcn & Herr¬ 
man reported that the chlorate was stablc in limed soil but was slowly 
redueed in au acid one. A thorough study on the relation of soil 
reacition to the toxicity and persisten(*.e of chlorate was made by 
Uurd-Karrer (1941 b, 1946) who, by the method of successive 
(‘Topping, found the decrease of the toxicity to be much retarded at 
an alkaline reac.tion (pll 8) where its initial value was sometimes, 
but not always, redueed. Conscquently, the advisability of applying 
clilorate to alkaline soils is questioned (1941 b p. 493). As to the in- 
fluence of soil reaetion upon the effect of nitrogen fertilizers in reduc- 
ing the toxicity of chlorate sec p. 65. 


5. Comparative Investifjations as to the Toxic Efteets of 
Chlorate, Bromate, and lodate. 

Valuable data for the diseussion of the mechanism of chlorate 
action could be expeeted from a study of the (ffeets of closely related 
substances and tln^ first< ones tried wer(‘ bromate and iodate. In the 
experiments XVII and XVIII the effeets of these ions in the con- 
centration range 0.125—5 niM was studied for normally illuminated 
cultures. The iodate was found to have a relatively low toxic effect. 
The symptoms of chlorate and bromate poisoning were quite different 
and these substances were also different in respect to the effect of 
the light faetor (exp. XIX). 

Experiment XVII. Seedlings planted on Oct. 18, 1945, were after 
7 days transferred to solution A with 0.125—0.5 milf of KCIO3, 
KBrOa or KIO3. After further 8 days the plants were measured and 
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Tnble 26. Length and fresh weight of young wheat planU from 

Exp. XVII. 


Average valuos for 4 groups of 14 plants. 


I 



KCIO 

mM 




-- 



_ 



0 

0.126 

0.25 

0.60 

' Length of shoots, rm .... 

17.5 

31.5 

31.5 

30.6 

29.6 

1 » » roots, cm. 

9.6 

>16 

16.5 

13.5 

12 

1 Weight of shoots, g. 

— 

3.8 

3.5 

2.7 

2.1 


S 


KBrO 

s* mM 





0.125 

0.26 

0.60 

Length of shoots, cm .... 

17.6 

31.6 

32 

30 

29.6 

» » roots, cm. 

9.6 

>16 

13.6 

12.6 

12 

Weight of shoots, g. 

— 

3.8 

3.8 

3.6 

3.4 


S 


KIO 3 , m^lf 




0 

0.125 

0.26 

0.60 

1 

Length of shoots, cm .... 

17.6 

31.6 

32.5 

33 

^ 33 

» » roots, cm. 

9.6 

>16 

>16 

>16 

16.5 

Weight of shoots, g. 

— 

3.8 

4.1 

4.0 

3.6 


weighed (table 26). The chlorate caused tlie usual injuries whieh were 
not very consiiicuous, however, at the lowest concentration (0.125 
mM). In the Solutions with added broniate the root growth was 
distinetly iiihibited even at 0.125 mM; no root bendings similar to 
tliose typical of chlorate injury were to be seen. The shoots showed 
no injuries, but their growtli was sliglitly inhibited at the two highest 
broniate concentrations. In the Solutions with added iodate the 
plants were at first quite similar to the control plants. During the 
last f('W days, however, the older leaf blades began to turn yellow 
and their direction becarne almost horisontal (at the control plants 
they are directed obliquely upwards). 

Experiment XVIII. Seedlings planted on Oct. 25,1945, were after 
8 days transferred to solution A with 0.5—5 mM of KChOg, KBrOg 
or KIO 3 . After another 5 days the plants were measured and weighed 
(table 27). At the two highest chlorate concentrations the leaf blades 
began to wither even after 1 day. At the end of the experiment they 
were almost wholly withered with alternating yellow and green 
patches. The root growth was completely inhibited and, con- 
sequently, no root bendings developed. At 0.5 mJf the chlorate in¬ 
juries were of the usual type. In the Solutions with high bromate 
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Table 27. Length and freah weight of young wheat plants from 

Exp. XVIII. 


Average values for 2 groups of 14 plants. 





KClOj 

,, mAf 



S 




— 



0 

0.6 

2.6 

6 

Length of shoots, cm .... 

20 

31 

29.5 

27 

23 

» » roots, om. 

12 

14.5 

13 

12.5 

12.5 

Weight of shoots, g. 

— 

3.8 

2.3 

1.4 

1.3 




KBrO 

af mAf 

1 









0 

0.6 

2.6 

6 

j Length of shoots, cm .... 

20 

31 

30.5 

21 

19.5 

1 » » roots, cm. 

12 

14.5 

13 

13 

12 

Weight of shoots, g..... . 


3.8 

3.5 

2.3 

1.7 


j 


KIO,, vaM 









1 ^ 

0 

0.6 

2.6 

5 

Length of shoots, cm .... 

20 

31 

28.6 

27.6 

25.6 

» » roots, cm. 

12 

14.5 

15 

13.6 

13 

Weight of shoots, g. 

— 

3.8 

3.3 

3.1 

2.9 


concentrations the root .tips were strongly discoloured and their 
^Towth Avas coinpletely inhibited; the growth of the shoots also ceased 
and the ui)per parts of the leaf blades turned yellow. Contrary to 
the elilorat(' injury the younger leaves were most affected. In the 
Solutions with hi^jli iodate concentrations, finally, the root tips were 
apparently normal; the growth of the plants was weakly inhibited 
and the older leaves were, especially at 5 mJf KIO 3 , patterned in 
yellow and green (biit not withered). 

The r(dative shoot weight (control == 100) found for different 
halogenate concentrations in exp. XVII and XVIII are sliown in 
figure 11 . 

Experiment XIX. Seedhngs planted on Nov. 1 , 1945, were after 
6 days transferred to nutrient solution Ä with additions of chlorate 
and bromate. One series of cultures (L) was placed in a lighted 
chamber, and another series (D) in a darkened one. After 7 days 
the plants were measured and weighed (table 28). Chlorate injury 
to the shoots was completely absent in darkness (cp. p. 50), but the 
roots showed a typical, though weakened, tendency to develop bend- 
ings. The bromate effects on the shoots were, on the contrary, quite 
as conspicuous in darkness as in the light. 
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11. Rolative shoot weight (control cultures — 100) at difforont foncontratioiiH 
of iodatc, broniatc, aml i-hlorato. Exp. XVII and XVIIT. 


Table 28. Length and fresh 'ivdglit of yonng ivhcat plants from 

Exp. XIX. 


L • plantH grown in light, D. in darknews. Averogc valiios for 2 groupB of 14 jdants. 



—— — - - - 

-- 





— 

1 



1 KFIO,. mM 

KHrO 

3, mM 



S 

-- 

__ 







0 

0.2.'> 1 

I 0 5 ' 

0.5 

2.5 


Length of shoots, oin. 

15 

30 

29 

2().5 

, i 

25.5 

18.5 

L 1 

» » root. B, cm . 

9 

>15 

14 

12 

i 10.5 

8 5 

i 

W(Mght of Hhoota, g . 

— 

3.5 

2.4 

1.9 

3.0 

1.9 


Length of ahoots, cm . 

15 

22.5 

22.5 

21.5 

20.5 

18.5 

D 

» » roots, cm . 

9 j 

13.5 

12.5 

11.5 

10.5 

9 


Weight uf shoots, g . 

— 

2.5 

2.4 

2.5 

2.1 

1.5 


Ooiisidering al 8 o Ihe observations made in exp. XXT and XXII 
(p. 74, 75) the effects of the halogenates upon young wheat plants 
in solution A may be suminarized as follows (as to roots and root 
hairs see also Ekraiil 1947); 

(^lOg': toxic effects eonspicuoiis even at concentrations as low as 
0.25—0.5 mM: tlie leaf blades, preferably tlie older ones, tiirn 
yellow-striped and witlier from tlie tip and downwards; the 
roots are characterized by sharp bendings, pree-eded by dis- 
colonred zones. In the dark no shoot injuries are eaused by 
the said concentration range, and the root injuries are weaker. 
BrOg': the root growth is strongly inhibited even at 0.125 niM but 
no root bendings occur; at concentrations >0.5 mJlf also the 
shoot growth is strongly retardcd and the leaf blades, especially 
the young ones, show a yellowish discoloration. 

IO 3 '; an appreciable retardation of the growth is apparent only at 
relatively high concentrations and even at 10 milf the growth 
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is considerable; the root hairs of the newly formed root parts 
are abnormally short; the older leaf blades become directed 
horizontally or obliquely downwards and turn yellow, begin- 
ning with the uppermost parts. 

OWEN (1929 p. 273) stated that iodate and bromate wore less 
toxic to young tomato plants than chlorate when added to the soil. 
Offord (1931 p. 7, 12) found that spraying of Bihes lacustre with 
Solutions of KBrOg and KCIO3 had similar effects; the concentrations 
were, however, not fully comparable. Hessenland et al. (1933) 
found bromate to have a stronger but less lasting toxic effect than 
chlorate, while the effect of iodate was inconsiderable. They com- 
pare the int(msity of the toxic effects with the stability of tiie cor- 
responding f ree aeids which inereases in the order: bromic acid < chloric 
aeid < iodie aeid (cp. Ephraim 1929 p. 31.1—313). Inferences 
as to the rc^activity of the halogenate ions can, however, hardly be 
drawn from sueh data. At pH 4—5 I'-ions are thus rapidly oxidized 
by IO 3 ', only slowly by BrOa', and not at all by CIO3' (Kolthoff & 
Hume 1943). JoRCiENSEN (1945 p. 266—280) has further shown that 
IO3' and BrOa', but not OIO3', reaet as oxidants at pH values gen- 
erally found in biological fluids (p. 92). In the animal organism 
the iodate is probably easily reduced (p. 87). 


6. The Eflects of Fluoride, Chloride, Broniide, lodide, 
and Thiocyanate. 

A. Chloride, Bromide, and lodide. 

The toxic effects of chlorate, bromate and iodate (*an, a priori, be 
thought to be eith(*T of a direct, physico-cheniical nature or of an 
indirect nature, caused by secondary metabolic products of the salts 
under consideration. Tn the case of bromate and iodate an effect 
of formed bromide and iodide was not out of question, and it was 
thought i)ertinent to arrange some experiments in which the effe(‘ts 
of equivalent arnounts of chloride, bromide and iodide were com- 
pared. The iodide was found to exert a pronounced toxic action 
and, under the circumstances, a quantitative comparison of the 
effects of iodide and iodate was required. — In connection with 
these studies some experiments on the effects of fhioride and thio* 
cyanate were also made. 

Experiment XX, Seedlings planted on Nov. 22 , 1945, were after 
6 days transferred to solution A with additions of KCl, KBr, and 
Kl. Seven days later the plants were measured and weighed (table 
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Table 29. Length and fresh weight of young wheat plants from 

Exp, XX, 


Average values for 2 groups of 14 plants. 





Kl. mM 




0.5 

2.5 

5 

10 

Length of shoots, eni .... 

18.5 

25.5 

21.5 

20 

18 

)> » roots, c*in. 

10 

11.5 

11.5 

10.5 

10.5 

Weight of shoots, g . 

— 

2.G 

2.0 

2.0 

1.9 


KCl, mM 


KBr, rnM 




0.5 

2.6 

5 

O.ö 

2.6 


Length of shoots, 

om .... 

34.5 

34.5 

35 

33 

33 

32 

» » roots, om. 

>16 i 

>16 

>16 

>16 1 

>16 

>16 

Weight of shoots. 

g. 

4.0 

4.2 

3.9; 

3.8 

3.9 

4.2 


29). The chloride ion is known to be physiologically harmless in 
moderate concentrations and the KCl plants can thus be used as 
Controls. In the bromidc series the plants were quite similar to the 
chloride plants and no growtli retardation was apparent. In the 
iodide series, on the contrary, even 0.5 mM caused a very consiucuous 
inhibition of the shoot as well as the root growth. The leaf blades 
turned yellow and became an abnormal, horizontal direction. 

Experiment XXI, Seedlings planted on Isov. 29, 1945, were after 
6 days transferred to solution A with additions of bromide, bromate, 
iodide and iodate (control: »O mM KBr»). After further 7 days th(‘ 
plants were measnred and weighed (table 30). The bromide had, as 
in the preceding experiment, no toxie effects. 1 niM bromate ga ve 
a signifieant retardation of the shoot growth and the inhibition of 
the root growth was almost eomplete (ep. p. 70). At 5 m^ bromate 
the shoot as well as the root growth were comph^tely inhibited; the 
roots were discoloured and the shoots were almost totally withered 
with yellowish or yellowish green areas. In the Solutions with added 
iodate the root growtli was considerable but the newly formed parts 
had abnornmlly short root hairs as compared to the control plants. 
The older leaf blades were horizontally directed (fig. 12) and striped 
or patched in yellowish white and green. The yoiinger leaf blades 
were curved, but only slightly discoloured. The plants, finally, which 
were cultivated in Solutions with added iodide, showed strong grow th 
inhibitions and the upper and often greater part of the leaf blades 
were yellowish white or yellow. From this experiment the toxicity 
of the iodide is seen to be >20 times higher than that of iodate. 
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Table 30. Lengih and fresh weight of young wheat plants from 

Exp. XXL 


Average values for 2 groups of 14 plants. 


■ 


KBr, mM 

KBrO 

3 . mM 


s 








0 

5 

10 

1 

5 

Length of shoots, cm .... 

15 

29 

30 

30 

25 

15 

» » roots, cm. 

8 

15.5 

16 

16 

9.5 

8 

Weight of shoots, g. 


3.5 

3.5 

3.4 

2.8 

1.1 



Kl. mM 

KlOa, mM 


S 








0.5 

2.5 

2.5 

6 

10 

Length of shoots, cm .... 

15 

21 

16.5 

27 

26 

25.5 

» » roots, cm. 

8 

10.5 

9.5 

14.5 

15 

12 

Weierht of shoots. cr. 

— 

2.1 

1.7 

3.0 

2.9 

2.8 



Fig. 12. Schcmatic representation of somo plants from Exp. XXI and XXV. 
Control plant and plants grown in solution A with 0.5 inAf iodide, 5 mM iodate, 

or 1 mM thiocyanate. 


Experiment XXJJ. Heedlings planted on May 2 . 1946, were after 
4 days transferred to solution A with various additions of Kl and 
KIO 3 . After further 8 days the plants were measured and weighed 
(table 31). The injuries were of the same type as those described in 
exp. XXI; for the root parts newly formed at weak iodide coneentra- 
tions it was noted that no root hairs were visible to the naked eye; 
in the iodate Solutions they were abnormahy short. As to the in- 
tensity of the discolorations and other injuries the following notations 
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Table 31. Length and fresh weight of young icheat plants from 

Exp. XXII. 

Averago valuos for 2 groups of 14 plants. 



1 


Kl, 

m.M 




0 

: 0.1 j 

0.3 

0.6 

Length of shoots, em .... 

13 

32 

25 

24 

22.5 

» » roots, em . ... 

7.5 

15 

12 

10 

8.5 

Woight of shoots, g. 

— 

4.7 

2.8 

2.6 

2.4 

» » roots, g. 

— 

3.5 

1.5 

1.3 

L1 



! H 


KIO3 

, mil/ 


i 

j 

\ 

1 •• 

5 i 

10 

20 

1 

Length of slioots, cm . . . . j 

1 

i 13 

32 

29.5 

26 

24 

» » roots, cm. 

7.5 

15 1 

12 

12 

9 

Weight of shoots. g.1 

j — 

4.7 

3.2 

2.9 

2.4 

» )> roots, g. 

— 

3.5 ! 

1.6 

1.7 

1.3 


werp rnade: »Kl 0.1» »KTO3 »KlOg 10»; »Kl 0.3» >»K103 10»; 

»Kl 0.5» or >»KI03 20 .» Also from an inspeotion of tablo 31 it is 
olear that tlie toxieity of iodicle witli respeot to the total growth of 
shoots and roots is 50—100 timcs liiglier tlian that of iodate. As t ;0 
the root liairs see Ekdahl 1947. 


B. Fluoride. 

Experiment XXIIL Sccdlings planted 011 May 31, 1946; after 
5 days transferred to solution A with 0, 0.1, 0.5, 2 or 10 mif NaP 
and further cultivated for 6 days in light (L) or in darkness (i>). C'al- 
dum fluoride is only slightly soluble (ea. 0.2 miJf) and has partly 
been present in colloidal form, but at least in the solution with 
10 mif NaP the surplus of easily soluble fluorides has betm eon- 
sidcrable. No shoot or root injuries eould be detected and therc» 
were no growth depressions either, perhaps with iho. exception of 
a weak inhibition of the root growth at 10 inilf NaP (L). 

Experiment XXIV. Seedlings planted on June 6 , 1946; after 6 
days transferred to pure sodium fluoride Solutions of the concentra- 
tions 1, 5 and 10 milf respectively. During a period of 3 days the 
shoot growth was quite normal, wliile the root growth was only one 
third of that in solution A. After this period all plants were trans¬ 
ferred to pure solution A and were then observed during another 
4 days. The shoot growth was still the same as for control plants, 
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and no injuries were apparent with the exception of some withered 
leaf tips on the plants treated with 10 mM NaF. The root growth 
was somewhat depressed (ca. 70 per cent of that of the Controls) and 
some few roots had ceased to grow. The root zone formed in NaF- 
solution had no root hairs hut several primordial lateral roots. 

The toxic effects of soluble fluorides upon young wheat plants are 
thus apparently very weak. This is in good agreement with the 
results obtained by Bartholomew (1935) as to the effects of fluorides 
on the dry matter production of cowpea or on the germination of 
various plants. The use of sodium fluoride as an herbicide (see 
Kobbtns et al. 1942 p. ] 66) has not met witli any eonsiderable success. 

C. Thiocyanatc. 

Experiment JCXV. Seedlings planted on June 14,1946, af ter 6 days 
trarisferred to solution Ä with 0—1 mM ammonium thiocyanate 
(table 32), and further eultivated for 7 days. After 2 days no injuries 
were apparent. Later on the shoots turned yellowish green at con- 
eentnitions of 0.2 mJf or higher. At 0.5—1 mJf the older leaf blades 
became horizontally direeled (fig. 12) with withered, yellowish white 
tips. For some of the plants eultivated in 0.5 mM thiocyanate it was 
further noted that the basal part of the shoot protruded in the form 
of a loop through the lower part of the coleoptile which was split 
open (cp. the perehlorate injuries, p. 84). The growth of the shoots 
as well as tliat of the roots w^^as strongly inhibited at the higher thio¬ 
cyanate concentrations. The newly formed root parts had no root 
liairs visible to the naked eye at 0.5 and 1 mM-, at 0.2 mM the root 
hairs were abnornially short. 

The poisonous action of ammonium thiocyanate became early 
known in (».onnection with the use of crude produets from the gas 
Works for nitrogen fertilizing ((Ixjthrie & Helms 1903,1904, Hasel- 
HOFF Gossel 1904, Czapek 1922 p. 197), and its applieability as 

Table 32. Length and fresh loelgJit of young wJieat )dants from 

Exp. XXV. \ 

Averago values for 2 groups of 14 plants. Length of shoot measiired after forcing 
the older leaf blades into vertical position. 


" ' ' ' 

S 


NH 

• CNS, 

mM 




0 

0.05 

0,2 

0.5 

1.0 

Length of shoots, cm.... 

16 

28.5 

29 

26.5 

22 

20.5 

» » roots, cm. 

9.5 

17 

17 

16 

13.5 

13 

Weight of shoots, g. 

— 

3.7 

3.5 

3.1 

2.7 

2.3 

» » roots, g. 

— 

3.3 

2.8 

2.1 

1.8 

1.6 
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an herbicide has been repeatedly tested (see Kobbins et al. 1942 
p. 318). Tlie mechanism of the thiocyanate poisoning of higher plants 
is not known. The nature of the symptoms indicates a possible rela¬ 
tion to the iodide (and perchlorate) effects. 


7. The Effects of Hypochiorite, Chlorite, and Perchlorate. 

As tliere is a eonsiderable reduc.tion of chlorate during the poisonous 
action in the plant, the j)ossibility exists that the toxic effects are 
caused by intermediary products formed during this process. It 
Ix^eanu» thus important to gain some information as to the effects 
of hypochiorite and chlorite iipon the wheat plant. The effects of 
these very reactive siibstances, howcver, eannot be expecded to be 
identi(‘.al wlien liberated withiri the jdant and when absorbed from 
the nutrient solution. 

There is no evidencc or probability for a formation of p(»rchlor- 
jite during chlorate poisoning. The toxicity was also found to be 
less than that of chlorate and the symptoms of perchlorate and 
(‘hlorate poisoning are widely diffc^nuit. 

A. The Effects of Hypochiorite. 

The hypoclilorous acid is very weak (pK = 7.43 or 9.17, cp. Kahn 
1945 p. 33). The addition of liypochlorite to a weakly acid nutrient 
solution will therefore result in a formation of mainly HOK) and 
only a small amount of CIO' (2.3 per cent or less at pH 6). There is 
some evidence that the g(»rniicidal effects of hypochlorit(i Solutions 
are mainly due to the undissociated hypoclilorous acid (cp. Wolf & 
CoiTSiNS 1946). 

In a hypochiorite solution several Chemical transformations are 
possible, e. g.: 

2 HCIO -> 2 HCl h O 2 
HCIO + HCl CI2 f HgO 
CIO' 4 2 HCIO CIO3' f 2 HCl 

The physiological effects of hypochiorite are very rapid, however, 
and it is improbable that the products formed by such, in dilute 
Solutions only slowly progressing reaetions should be of any appreci- 
able importance. Further, the effects of chlorate are weaker as well 
as slower than those of hypochiorite, and the well-known toxic ef¬ 
fects of chlorine (Czapek 1922 p. 193) are probably caused by hydro- 
lytically formed hypoclilorous acid (Andrewes & Orton 1904). 
Besides, the possible, direct effects of chlorine could be of the same 
type as the hypochiorite effects diseussed below (p. 80): reaetion 
with the proteins under formation of chloramines. 
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Table 33. Dimensions of young wheat plants from Exp. XXVIT. 

Grown for 7 days in nutrient Solutions with hypochlorite. Average values for 2 
groups of 14 plants. 1 — 0.000001 mole per 1. 


NaClO. \LM 



! 

0 

1 

6 

20 

1 50 

Length of shoots, cm .... 

15 

28.5 

28 

27 

27 * 

22.5 

» » roots, cm. 

7.5 

14.5 

11.5 

12.5 

11 

8 



Experiment XXVI. öeedlin^s planted on Febr. 22, 1946, were 
after 6 days transferred to solution A with additions of 0, 0.05, 0.1, 
0.25, and 0.5 mM NaOlO or CaClgO. In these Solutions they were grown 
for 5 days. The growth of the roots immtHliately ceased in all of the 
liypoehlorite Solutions and the root tips were diseoloured. The shoot 
growtli was slightly iiihibited and a few of the leaf tips turned yellow'. 

Experiment XXVII. Seedlings planted on Mareh 1, 1946, were 
after 6 days transferred to solution A with various additions of 
Na(.l() (whieh did not measurably ehange the pH). Tlie plants were 
measured 7 days later (table 33). At 1 \xM NaClO no root injuries 
were apparent. to Ihe naked eye, at 5 \lM there were weak injuries, 
and at 20 \lM the roots showed conspicuous bendings and diseoloured 
zones followed by newly formed parts of quite normal type. At 
50 ]xM the root tips were diseoloured and apparently dead. The 
shoots showed no signs of injury, but their growth was slightly 
depressed, at least at the highest concentration. 

In eonneetion with this experiment some plants were also trans¬ 
ferred to ]Na(31() Solutions for shorter periods, and then further 
grown in pure solution A. Even 1 hour in 50 [iM NaOlO gave 
eonspieuous bendings of the same type as those observed in exp. 
XX VII at 20 [lM. Eepeated bendings were never found in nutrient 
Solutions eontaining hypochlorite, and the formation of quite normal 
root parts after the initial injury is probably connected with a rapid 
deerease of the hypochlorite concentration (Ekdahl 1947 p. 138). 

Hypochlorites have been used as disinfectants from the beginning 
of the 19th century (Dakin 1915 b) and during the first world war 
various preparations eontaining hypochlorite found a widespread 
use in the treatment of wounds. The poisonous action of hypochlorite 
upon yeast was studied by Webncke (1879), and Weenitz (1880) 
found it to have destruetive effeets on enzymes. A close study of 
the bactericidal action of hypochlorous acid was published by 
Andeewes & Orton in 1904; it is strongly depressed in the presence 
of organic substances, probalDly because of the rapid reaetion with 
these substances (see below). 
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Dakin (1915 a) suggested the mechanism of the antiseptic action 
of hypochlorites to be diie to reactions of the following type: 

E • NII • E + HCIO — E • NCl • E II 2 O, 

and he also stated the ohlorainines in that way formed from proteins 
to have strong baeterioidal effeets (cp. also Wolf & CousiNS 1946). 
An extensive investigation of the reactions of hypoclilorite with 
various organic substan(*es was then made by Engfeldt (1922).^ The 
reactions with carboliydrates and fats are relatively slow compared 
to those with proteins. In the lai-ter case the primary formation of 
(ihloramines is followed by a decomposition with liberation of Cdj and 
Ng. The dire(*t toxic effeets of hypoclilorite thus seem to be caused 
by a rapid destruetion of the proteins of the plasm which must neces- 
sarily result in tlie death of the cell. As to the bacitericidal action, 
at least, there are also secondary effeets of the chloramines formed 
by the primary })ro(iess. 

The herbicidal effeets of hypo(*hlorite have been studied by Lat- 
SHAW & Zaiusley (1927), OWEN (1929 p. 273), Offoko (1931), (^ook 
(1937 J, V), and others. The toxieity of hypoclilorite is often de- 
cidedly less than that of chlorate when used for the spraying of plants 
cultivated in soil or when added to the soil, the reverse being the 
case when the substam^c^s are added to nutrient Solutions. This is 
easily explained from the high reaetivity of the hypochlorites whi(*li 
eauses their rapid decjornposition in the soil. Their effeet must there- 
fore be superficlal and rapidly passing, leaving the und(Tgi‘ound por¬ 
tions of the plant unaffeeted or only slightly injured. (Umfantle 
(1930 p. 39, 65) also found very high applieations of hypoclilorite 
n(‘cessary to destroy Cuscuta seeds in soil; the effe(*ts of sjiraying of 
CuHvuta plants in growing lucerne with hypoclilorite solution were 
only transitory. 

Yamasaki (1931 b) lays stress upoii a symptom of hypoclilorite 
poisoning wdiich is held to be specific for this substance and chlorate, 
viz, a browii coloration at the basal part of wheat and rice S(‘edlings, 
loeated in the vaseular biindlcs and the surrounding tissues. tSueh 
a symptom has not been conspicuous in the investigations of the 
present author, and probably it may be regarded as a non-speeific 
ncerotic phenomenon. Yamahaki used sodium hypoclilorite in a 
2 per cent solution (1. e. p. 306; x>ir not stati^d in the English text; 
2 % = 269 m3f or 269,000 [jlM) which must have rapidly killed and 
destroyed the roots and may then have iienetrated into the basal 
parts of the shoot, causing the diseussed necrosis. The chlorate was 
also used in much high er concentrations (1 % KClOg, 0.9 % NaClOg, 
or ca. 83 mM) than in the present investigation. In reality, the 
differences between hypochlorite and chlorate poisoning, as con- 


^ See also: Baker, Biochem. Jour. 4J: 337—342, 1947. 
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ditioned by absorption from nutrient Solutions containing physio- 
logically significant concentrations of these substances, are much 
inore (ionspicuous than the similarities which are mainly restricted 
to the type of injury occurring in the meristematic root tips (cp. 
Ekdahl 1947 p. 143). Nevertheless, hypochlorite ions or hypo- 
ehlorous acid liberated within the plant in a highly specific manner 
may play an important röle in chlorate poisoning (see p. 83, 97). 

B. The Effects of Chlorite. 

Until recently chlorites have not been commercially available. 
In the last ten years, however, sodium chlorite has found important 
applieations in teehnical oxidation processes and the interest in the 
eliernistry of chlorites has re vived (Taylor et al. 1940, WliiTE et al. 
1942). The elilorous acid is fairly strong (pK 1.96) and in Solutions 
wiih a pll above 4 the undissociated acid is probably 'wdthout im- 
])ortance a.s an oxidizing agent (White et al. 1942 p. 789). In weakly 
acid Solutions sodium (‘hlorito undergoes a slow deeomj)OBition with 
formation of ClOg, and Cl'. For bleaching processes it has 

been shown that the chlorite action is mainly due to direct reactions 
of the ('lOa' ion. The oxidation effects are different from those 
brought about by hypochlorite which is thus scarcely formed as an 
interni(*(iiate product. 

Experim^rnt XXVllL Seedlings planted on Oct. 14, 1940, were 
aft(T 5 (lays transferred to solution A with additions of 0.08—4 niif 
NadOg. After 5 days inore the plants w(»re measured and weighed 
(table 34). The root growth was almost completely inhibited even 
ili 0.08 inM chlorite. The root tips were thickened at this concentra- 
lion; at higlier concentrations they were of a normal form but shoAved 
a yellowisli brown discoloration. The slioots showed yellowish dis- 
(‘olorations at 0.4 inM and higher concentrations; at 4 mM the whole 
of the leaf blades was yellowish green with small dark patches. 

Table 34. Length and fresh weight of young wheat plants from 

Exp, XXVIIL 

Growii for 5 days in nutrient Solutions with chlorite. Average values for 2 groups 

of 14 plants. 



S 


NaClOa, mM 


0 

0.08 

0.4 

0.8 

4 

Length of shoots, cm.... 

13 

21 

20.5 

20 

18.5 

14.5 ! 

» D roots, cm. 

8.5 

15.5 

10 

8.5 

8 

9 ! 

Weight of shoots, g. 

— 

3.1 

2.8 

2.4 

1.9 

1.3 j 

» » roots, g. 

— 

2.0 

0.9 

0.7 

0.6 

0.5 1 
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Table 35. Lengih and freah weight of yo%ing wheat plants from 

Exp. XXIX .' 

(irt)wn for 5 (lays in niitrient solution with hypochlorite or chJorite. Average vahies 
for 2 groiips of 14 plants (roiitrol = »NaClO O», 4 gronps). 



s 


NaClO, [iM 




0 

10 

20 

50 

Longtli of shoots, cm . , 

11.r> 

22 

22 

iM.fl 

17 

» » roots, cin. ... 

s.,^> 

i:i5 

13 

13 

8.5 

Weight of shoots, g. 

- - 

:i2 

3.0 

2.9 

2.3 

» »> i-oots, g . . 


2.H 

2.5 

2.4 

1.8 



NhCK),. 

1 

i 

1 

1 

i 

20 

,^>o 

100 

200 1 

1 

Length of shoots, cin . . . 

22.0 

22 

20 

18 

1 

» » roots, cm . . . . 

13.5 

11.5 

9.5 

8.5 

8.5 

W(‘jght of shoots, g. 

.3.1 

2.9 

2.7 

2.0 

2.5 ; 

*> » roots, g. 

2.5 

2.1 

1.9 

1.7 

1.5 i 


The chlorite U8(*(l in thi» and in tlie following experiment was of 
Ihe ordinary eommereial grade with ca. 80 per eeni NadOg, (‘ontain- 
ing Na 2 (-T) 3 , Na(U and NaC-lOg m impiirities. The ehlorai(‘ was 
present in sueh low eoneentrations, however, that it eannot be 
responsible for the effects observed. 


Experiment XXIX, 8eedlings planted on Mar(*h 3, 1947, were 
after 4 days transfiTred to solution A witli various additions of sodiuin 
chlorite and sodiuin hypochlorite. After another 5 days the plants 
were measured and weighed (table 35). No shoot injnries were visible. 
As to the appearan(*es of the root systems the following notes were 
made: 


10 iiM NatnO: 

20 » » : 

50 » » : 

10 [iM NaOlOo*. 
20 » » 

50 » » : 

100 » » : 

200 » .> : 


weakly injured and eurved root zon(»s followed by 
newly formed parts of normal type. 
discoloured zones and bendings followed by normal 
parts. 

root tips discoloured, dead. 
no injuries visible to the naked eye. 
very weak signs of injury. 

root tips thickened with a yellow zone followed by 

a short (ca. 5 mm) white zone. 

root tips dead, discoloured, some of them slightly 

thickened. 

root tips dead, no thickening. 
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13. Tht' l•(‘bltive root growth in nutrient Holutions with difforont corioonfratjoiiK 
of liypochlorite, ohlorite, chlorate, or perohlorate. 


From tal)l(‘s 33—35 it appears that the effect of ehlorite in de- 
])ressinj»' the root growth is slightly less than that of hypochlorite. 
J u ordt*r to show the magnitude of this effect for the various oxidation 
Htag<\s of elilorine in a eomprehensive manner fig. 13 was compiled 
from the aviiilable data. These growth inhibitions are of a eoinplex 
ehara(*t(‘T, however, and the groMrth conditions of the plants and the 
length of the test p(*riods are not wholly (*oinparable in all eases. 
Foiisequeritly, the graphie representation of fig. 13 must not be 
expeeted to give (»xaet quantitative information. It is, however, 
el(»ar that tln» effecds of hypochlorite and ehlorite are very much 
stroiiger than tliose of (lilorate and perchlorate. From Eki)AHL’8 
(1947) investigations il is clear, too, that the former substanees ha ve 
a miieh more rapid and direct killing effect on the living plasm. 
h"rom these data and from the existence of a (»hlorate reduction during 
tlie })oisoning it appears that the chlorate toxi(*ity may very well be 
connected with an intermediate formation of (»hlorite or hypo- 
chlorite within the ])lant. While definite suggestions can be made as 
lo the mechanism of hypo(*]ilorite toxicity there is not much to be 
said about the clilorite a(*tion at the present tirne. Its last stages 
may be identical with those of hypochlorite action but there are 
no arguments to ])rove su(*h a supposition. 

The earli(‘r information as to the effects of ehlorite on plants is 
very meagre. T^lor et al. (1940 p. 903) made the following state- 
inent: »(Uilorit^qpickly poisons chlorophyllbearing plants. Tts aedion 
is more rapid but not so extensive as that of chlorate.» 

(\ The FIfteets of Perchlorate. 

The perchlorates are weaker oxidants than the chlorates and con- 
sequently more stable. In so far as their effects are indirect, or caiised 
by reduction produ(*ts, they should, therefore, be weaker than those 
of chlorate. Purthermore the perchlorates could possibly exert direct 
effects of a physico-chemical nature. 
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Tablc 36. Length and fresh wcight of young ivhcat plants from 

Exp. XXX. 

Avorage valuos for 2 groups of 14 plants. L: plants grown in light, D: in darkness. 



1 


KCK) 4 . inAf 



i 

0 

(i.l 

0.5 

2 

10 

j Longtli of »fioots, oin .... 

i 

; la 

26 

19.5 

18.5 

18.5 

16.5 

j » » rootw, (‘III. 

7.5 

15.5 

15.5 

13.5 

12 

8.5 

i MVight of shoots, g. 

— 

3.5 

2.8 

2.5 

2.3 

1.8 

1 » » rootM, g. 


2.6 

2.3 

2.1 

1.6 

1.3 

Longth of slioois, «‘jn . . . . 

1.3 

22 

1 19.5 

29 

19 

18 

» » roots, ('in. 

7.5 

12 

' 19.5 

19.5 

1 19.5 1 

i 8 

] Wcight of .shoots, g. 


2.6 

2.2 

2.2 

2.2 

1.9 

! » » roots. (I . 


1.5 

1.4 

1.4 1 

! 1.3 ! 

1 1.3 


Experiment ÅÅ'Å\ »Seedlings plani(‘d on May 21, 1946, w(‘re af ter 
5 days transferr(‘d to soliition Å with various additions of x)otassmm 
per(*iilorate and placed in liglit(‘d (L) or darkened (7>) elianibers. 
After anotlii*r 7 days the plants w<‘re ineasnnMi and weiglied (table 
36). In the light as well as in darkness tlu*. perchlorate has caused a 
eonspieuous growth depression even at a eoneentration of (hl niM. 
Shoot injuries w(*re apparent only at 0.5 niM or more and only in 
the X-series. The leaf tips here showed soine withering whieh pro- 
gressed in a basipetal direetion. The witliered j)arts were yellowish 
brown, while the basal paris of the leaf blades remained tiirgescent 
and nonnally gr(»en. The root growth was retarded but no discolora- 
tion of the root tips was apparent. 

At several perchlorate-treated plants the basal end of the shoot 
formed a loop protruding through the ruptiired eoleoptile (ep. fig. 
14), a phenonienon whiefi was deseribed by ISjollema for young rye 
idants already in 1896. Similar growth distortions were observed 
also for thiocyanate-treated plants (p. 77) though they w^ere, in 
this ease, less frequent. 

The toxic effects of perchlorates became early known and studied 
(cp. p. 38). The early literaturc is eitc^d by Lauffs (1902) who 
published the most exteiisive paper on this subjee^t. He found small 
amoiints of perchlorate to have a stimulative influence iipon growth 
and elilorophyll formation. The injurious effects of higher (*-on- 
centrations are said to be lowered by nitrate. Owen (1929 p. 273) 
found a mottling of the foliage of young tomato plants in perchlorate 
poisoning as well as in chlorate poisoning, but the symptoms were 
not identical. The herbicidal action of perchlorates was tested by 
CooK (1937 1, V). When used for the spraying of plants grown in 
soil their toxicity was considerably lower than that of chlorate. For 
solution cultures the difference was less eonspieuous. 
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Fig. 14. Voung wheat plants after 15 daya’ growth on solution A with 1 mM 

KOIO4. 


Thero iire no marked effects of perehlorate upon bacteria and fungi 
(Maassen 1901 p. 05, 75, Lauffö 1902 p. 25; cp. KoST 1927 p. 373). 
In the animal organism it acts as a fceble muscular jioison (Rost 
1927 p. 387, Kahane 1936). 

The mechanisni of the perehlorate action is not known. As the 
symptoms are quite distinet and not related to those of chlorate 
poisoning it is probably not eonneeted with a slow reduetion but of 
a more direct natnre. 


8. The Effects of Chlorate, Bromate, and lodate upon 
the Animal and Human Organism. 

The potassium chlorate was introdu(ied into the human medicine 
at the end of the 18th centiiry (see Mbring 1885) and it has then, 
under various preinises and to a deereasing extent, been used up to 
the present time. Antiseptic effects are, however, almost wholly 
absent (p. 87), and administered per os a greater dose (>10 g) rnay 
result in a fatal blood poisoning. The initial stage consists in a trans¬ 
formation of the blood pigment into methemoglobin (Jaedeeholm 
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1876, see Mering 1885 p. 39, Rost 1927 p. 379), an offeet whieli 
can be brouglit about also by poisons of a qiiite different type, for 
instaneo pyrogallol or aniline (Mering 1885 p. 106, 8ollmaj\n 
1945 p. 668, 825). 

The first argument set forth in favour of a therapeutieal use of 
elilorate Avas tlie assumption that it easily decornpoKses under tli(‘ 
liberation of oxygen and in this way stimulates the respiration ])ro- 
cess. Aln^ady in 1824, liowever, W(‘)HLER showed by experiments 
on dogs, tliat a large amount of the administered potassium ehlorate 
was rapidly excreted in the urirn* (Mering 1885 p. 26). Tn his 
own experinumts on dogs and men Mering found that 91—93 i)er 
cent of the administered (dilorate eould be reeovered in the iirim* 
and that thcTe was also some ehlorate in the saliva. It is not possible, 
liowever, to prove the total absenee of any reduction by such ex¬ 
periments, and by studies on the effects of ehlorate upon blood w 
vitro Mering eould show a eonsiderable deeomposition of the (*hlor- 
ate, aeeompanied by an ecpiivalent iruTease of the ehloride amount 
present. He also proved the blood pigment to be the eause of t liis r(‘due- 
tion. Ma VER (1922) tlien charaeterized the reaetion as an iron eata- 
lysis. Tlie hemoglol3in iron, liowever, has an aetivity whi(*h is about. 
2,000 tirnes higher than that of iron, added in the form of f(‘rrous 
sulphate. A slow reaetion takes plaee even at jiFT 8, but. the vidoeity 
is highly aecelerated by lowering the pll value (Mayer 1922 ]). 365, 
375; (*p. above p. 66). — It has further been suggested that the 
ehlorate ion should exert a speeifie physieo-chemi(*al effeet upon the 
stroma of the blood eorpuscles (Nigicel 1921, (‘p. howevi^r MiUjer 
1921). 

As to the risk of poisoning doniestic animals by ehlorate-t.reated 
plants reference is made to Rost (1927 p. 386), Brigl & Wind- 
iiÄiJSER (1929), rtiRST (1935 j). 24), Mc Culloch & Murer (1939), 
and to the literature eited by tkem. The lethal dose usually amounts 
to 1—5 g I^aClOg per kg of body weight, and smaller doses can prob- 
ably be administrated daily for a fairly long period without severe 
effects. 

By experiments in vitro it has been shown that the bromates are 
able to eause a formation of rnethemogJobin in blood, thoiigh tlu* 
effeet is weaker than for the equivalent amount of ehlorate (Mering 
1885 p. 132, SoLLMANN 1945 p. 991). In vivo this effeet can be 
wholly absent, and in spite of that the bromates are iip to 20 or 30 
times more toxic than the ehlorates (öantesson & Wickbero 1913). 
The symptoms of bromate poisoning are mainly loeated to the nervous 
system and the aUmentary canal. Among other things there are 
lesions of the miicous membrane of the stomach, probably caused 
by liberated bromie aeid. (Injurious effects to this membrane are 
also reported for some cases of ehlorate poisoning: Mering 1885 
p. 136, Rost 1927 p. 373, Mc Culloch & Murer 1939 p. 677). For 
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adults there are, however, probably uo serious effects of an intake 
of 1 g KBrOg a day (K. Mohs, cited from Jorgensen 1945 p. 290). 
While the chlorate poisoning is mainly and primarily caused by the 
formation of methemoglobin, the most important feature of the 
bromate poisoning is possibly a paralysis of the central part of the 
nervous system, especially the respiratory centre (Santesöon & 
VViCKBERG 1913 p. 365), The bromates are partly reduced in the 
tissues (see Sollmann 1945 p. 991). 

The iodates, finally, lack the power of causing a formation of 
methemoglobin in the blood, in spite of the fact that they are easily 
n‘duc(Hi by organie substanees in vitro as well as in in vivo (Mering 
1885 p. 132—133, KosT 1927 p. 388), esp. when given by rnouth 
(see 8()LLMANn 1945 p. 991). Oonspieuous toxic effects are jirobably 
lacking, when the iodate is administered orally, but hypoderinically 
it inay be fatal (see Sollmann 1945 p. 991). 


9. The Eftecls of Chlorate, Bromate and Iodate upon 
Bacteria and Fungi. 

The use of potassiiim chlorate in the medicine made it important 
lo know the (dlects upon microorganisms. As to the bacteria it was 
(»arly shown that most of tliem are able to grow even in concentrated 
chloride Solutions. Kosegarten (1878) thus found an undisturbed 
(lev(‘lopment of bacteria in deroetum althaeae, in cheese infusion 
and in urine after the addition of 5—7 per cent KOlOj, and Mering 
( 1885 p. 131) showed that the putrefaction began as rapidly in 
albumen Solutions with 5 per cent KdOg as in control Solutions with 
5 j)er (*ent KCl. After the introduction of chlorate as a weed eradicant 
011 arable land the effects on soil bacteria have become the object 
of several investigations. lu field experiments it has usually not 
been possible to find aiiy significant effects on the number of bacteria 
per unit volunic of the soil (Bowser & Newton 1933, Stapp & Buck- 
STEEG 1937) and also in laboratory experiments the majority of 
bacterial types tested turned out to be highly resistant to chlorate 
(Stapp & Bxicksteeg 1937). The few exceptions from the rule are, 
however, of much interest for the diseussion of the mechanism of 
chlorate poisoning. 

These exceptions seem t o be mainly restricted to the bacteria with 
specialized nitrogen metabolism. Fron & Bertrand (1934) thus 
found a lowered number of Azotobacter cells in chlorate-treated soil. 
The same result was obtained by Stapp & Bucksteeg (1937) who 
also showed that Azotobacter was able to grow at NaClOg-concentra- 
tions up to 1 per cent or more, though the growth rate was greatly 
depressed. 
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A higlier sensitivity was found for the nitrifieation bacteria, A 
transient depression of the soil nitrifieation after ehlorate treatment 
was early reported from field experiments (Latshaw & Zahnley 
1927, Ahlander 1928, Harper 1930). In laboratory tests Stapp 
& Bucksteeg (1937) found that even an addition of 0.1 g NaOlOa 
per kg airdry soil (water content diiring the test 12—15 eent) 

strongly retarded the nitrifieation. It was not completely inhibited, 
how(^ver, even by ehlorate additions 100 times higher. Leeh & 
Quastel (1945) further analyzed the nature of this retardation and 
found »that ehlorate exereises a specific inhibitory influenee on 
the eonversion of nitrite into nitrat<‘, and that the meehanisms con- 
eerned with the initial oxidation of ammonia are praetieally un- 
affeeted.» A eonsx)ieuous inhibition was caused by a elilorate con- 
(ientratiou as low as 2.5 [lM, Even at eoneentrations ux) to at least 
100 [lM a rapid nitrate formation took x>laee after an initial lag. The 
exx)lanation suggested by the authors is »that the ehlorate does not 
markedly retard the aetual (*hemi(*-al x>roees8 of nitrite oxidation in 
the soil to nitrate, but ratlier that it inhibits the prolif era tion of 
those eells responsible for this oxidation.» An experiment with soil 
enriehed with nitrite-oxidizing organisms shows, however, that tluTO 
is a conspiimous and immediate retarding effeet of 100 {lM ehlorate 
upon the formation of nitrate. Until further investigations have 
been made, it may, therefore, as well be presumed that. it is this 
effeet that eauses the lowered multiplieation rate of the bacteria. 
It is interesting to note that Lees & Quastel found that nitrate 
additions eounteraeted the ehlorate inhibitions just diseussed. — 
Smith et al. (1946) rexyort that the addition of 0.25—0.5 g ^NaClOg to 
1,000 g of soil badly injured the nitrite-forming bacteria. The effe(*t 
ux)on the nuniber of nitrate-forming organisms was not determined. 

As to the denitrifying bacteria Maassen (1901 x>- b4, 74) States 
that the reduelion of nitrate is strongly or eomxdetely inhibited in 
the x>resene(‘ of 0.3—0.9 per cent Ki^lOg. The growth of the bacteria 
is said to be only slightly affeeted and it is suggested tliat tliey use 
the oxygen of the ehlorate. In this connection the author cites the 
results of Muntz (1885) on the baeterial reduetion of iodate, bromate, 
and ehlorate in soil. Stapp & Bucksteeg (1937 p. 24, 31), however, 
could not find any de(jomx)osition of ehlorate by denitrifying bacteria 
which werc» also found to be highly n^sistant to this substance. 

A considerable baeterial reduetion is probably only to be found 
under anaerobic eonditions (Mering 1885 p. 130, Stapp & Buck- 
STEEG 1937 x^* 29—31), but no detailed information on these pro- 
cesses is as yet available. In soil with a high content of easily decom- 
posable organic niatter the reduetion velocity may be fairly high, 
especially after super-saturation with water (Aslander 1928 p. 930, 
Bowser & Newton 1933, Nelson 1944). Under the circumstances 
an iron catalysis is not out of question (p. 93). 
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The Aetinomycetaceae, Mucoraceae^ Saccharomycetaceaey and Äsper- 
gillaceae species tested have been found to be highly resistant to 
chlorate, though an osmotically induced growth retardation may 
naturally be apparent at very high concentrations (Kosegaeten 
1878, Wbkncke 1879, Bokoeny 1896, Stapp & Bucksteeg 1937 
p. 25—28, J 0 EGENSEN 1945 p. 153, Smith et al. 1946). There was 
no reduction of potassium chlorate under the influence of yeast 
(Mering 1885 p. 128). For PenicilUum cultures of questionable 
})urity or with an observed admixture of bacAeria a slow decomposi- 
tion of chlorate was found (Alvisi & Orabona 1912, Åslander 1928 
p. 930), while Stapp & Bucksteeg (1937 p. 30) report the chlorate 
to be stable in pure cultures of different fungi. 

The number of fruiting bodies of Psalliota (Agaricus) campestris 
was observed to be strongly increased on areas where quackgrass 
had been treated 9 weeks before with ca. 73 g NaClOg per (Shear 
1935). 

About the effects of brornate and iodate upon microorganisms 
coniparatively little is known. Muntz (1885) reports the soil organ¬ 
isms to be capable of reducing these substances as well as of oxidiz- 
ing broinide and iodide. Bokoeny (1896) characterizes the potas- 
siuin iodate as a relatively feable poison for yeast (a weak fernienta- 
tion was apparent in an 1 % solution after 6 hours). Mering (1885 
p. 131) found additions of 5 per cent KBrO» or KJOg to protect fibrin 
Solutions from putrefaction, and Joegensen (1945 p. 270,289) showed 
tliat even 0.014 per (*ent KBrOg or an equivalent amount of KJOg 
strongly inhibited butyric acid bacteria. On the other hand KClOg 
was without effe(*.t in this respect (for confirmative evidence see 
BoEKiiouT & Vries 1913, cited from Jorgenren 1945 p. 287; ep. 
however Stapp Bucksteeg 1937 p. 26). 


10. The Eflects of Chlorate, Bromate and Iodate upon 

Enzymes, 

Wernitz (1880) found the activity of emulsin, myrosin, diastase 
and invertin to be undisturbed in Solutions saturated with potassium 
clilorate. The absence of chlorate inhibitions was then shown by 
JoRGENSEN (1945 p. 162) for some proteolytic enzymes (papain, 
bromelin, cathepsin) which were on the other hand strongly inhibited 
by bromate and iodate. The same was the case for the Schardinger 
enzyme of milk (1. c. p. 268). The inhibition of the enzymes, sup- 
posedly an oxidative effect, is suggested to play an important röle 
in the bromate action upon the baking strength of wheat flour: »The 
bromate effect (and the analogous effect of other oxidizing agents) 
is due to the fact that bromate (and the other oxidizing improvers) 
inhibits the flour proteinases which have been activated by the pres- 
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ence of the ytnisi» (l. o. j). 150), whilo other theories, involving a 
(iireet colloido-(‘heniieal a(*lion of broma.t(‘, are held to be devoid 
of suffieient experimental evidence (1. e. p. 02, 419). 

Special circum8tan(*es possibly exist for tlie catalases which are 
said to be strongly inhibit(‘d by (*hlorat(^ (and for instance nitrate) 
while the bromate effect is less eonspieiions (Santesson 1923 p. 277, 
290). Neller (1931 p. 188) found an (slowly appearing) inhibition 
of the (*atalases of plant extracts after the addition of chlorate a*s 
well as a lowc^red eatalase aetivily of chloratc^-treated plant-s; in tln^ 
last case, at least, tlie effect may be of an indirect iiature. 

Alvisi & Orabona (1912) found dilorate to be rediiced in Solutions 
of pepsin, jmpain, and diastase, but iiothing is said about pr(‘cautions 
against infeelion of the Solutions. 


11. General Discussion. 

Eor the discussion of the mechanisni of chlorate action it is ini- 
portant to con8id(‘r the (jreat rariation in the sensitivit)/ oj different 
organismfi, While the vascular plaiits an* generaIly liable to undergo 
chlorate poisoning, there an* several types of ba-cteria and fungi 
which grow freely even in concentrated chlorate Solutions (p. 87). 
As to the s(uisitivity of algae the available information is very s(‘anty. 
Opforjj I)’I.Trbal (1931) found sodiui!i chlorate to be toxic to 
Nitella (iavata even at a (‘oncentration of 12. 5 mM. On the oth(*r 
hand Stapp & IUtckstkect (1937) state that Oonhm and Chlorella 
spp. are able to grow normally at concentrations up to (*a. 300 inM. 
The vert(*brate animals rnay be h*thally poison(‘d by doses great 
enough to result in a sufficiently high chlorate (‘oncentration of the 
blood (p. 85). As to the lower animals th(*re is not much to be said. 
Aslanoer (1928 p. 928) States that the protozoai and earthworins 
of a soil to which sodium chlorate has been added at the rate of 2,000 
p. p. m. show(*d little or no injury. 

It is further important lo note that the clilorate effects upon 
sensitive organisms are oft(*n sperifieallg localized^ or n*stricl(*d to 
(*(U‘tain parts or substances, and sometimes specifivally eonditioned, 
for instance by the presencc*. of light as the case is for the green shoot 
of young wheat plants at moderate chlorate (*,oncentrations (p. 57). 
As to the localization of the root injuries n^ferencc is made to the 
notes on p. 41, 50, and to the investigations carried out by Ek¬ 
dahl (1947); as to the shoot injuries see p. 41, 95. For the nitrifica- 
tion bacteria the chlorate effect may be localized to the nitrite oxidiz- 
ing mechanisms (p. 88, 98) and for the vertebrate animals the 
primary effect is the transformation of the blood pigment to met- 
hemoglobin (p. 85). 

It was early noted that the chlorate differs from many other plant 
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poisons in rcspect of its slow action (Latsftaw & Zahnley 1927 p. 760, 
LooMis ct al. 1933 p. 727, Crafts 3935 p. 708, and others). Bue 
to this fact tlie absorbed chlorate may be widely distribnted in the 
plant and the chancea of a regenerative development from uninjnred 
parts are greatly diminished (Sampson & Parker 1930 p. 40, Offord 
1931 p. 8—9). For Nitella cells Offord & d^TJrbal (1931 p. 807) 
foiind the typical chlorate injury to become apparent after 40 hours. 
The shoot injuries of young wheat plants appear after 2 days (p. 41, 
46), while the first signs of root injury may be observed after ca. 
6 hours at a con(*entration of 1 mJf ^^aClOa and after 16 hours at 
0.25 inJf (Ekdahl 1947 p. 129). Ekdahl also showed that the root 
hairs whidi are very sensitive to various disturbances, are rcmark- 
ably resistant to chlorate. Thiis young root hairs have been observed 
to continue their growth for 4—8 hours after the normal nutrient 
solution had been exchanged for a solution with added chlorate (up 
to 25 mM), and new root hairs are formed during one day or more in 
Solutions with 1 inM chlorate (1. c. p. 128, 126). In studies on the 
exudation of pea roots Stenlid (1947) found no appreciable effect 
of 10 mil/ sodium chlorate (experimental time 6 hours), while a 
plasinatic poison like mercuric chloride caused a highly increased 
exudation at a con(‘entration of 0.1 niM, 

From the absen(*e of chlorate sensitivity in many organisms and 
from the slowness, the specific loealization, and the specific (kon¬ 
ditions of th(‘ action it may be concliided that the chlorate ion has no 
(jeneral^ poisonons action upon the llving plasm as is the case for strong 
acids and alkalies, salts of lu^avy metals, some oxidants, and so on. 
It is tlien cl(‘ar that the toxicity can hardly be ascribed to the chlorate 
ion as such but is more lik(dy d(‘i)endent upon a transformation of the 
chlorate in the sensitive cells, and further that this Iransformation 
caiinot be a sx)ontaneous r(»action with gem^rally present substances 
but. is probably caused hy specific mechanisms, 

Tn good agreement with the suggestions thus made is the fact tliat 
the react.ivity of tlu* chlorate ion is very low at pll-values relevant 
to living etdls. In chapter 2 (p. 40) it was shown that there is no 
appreciable decomposition of chlorate in boiling or strongly illumin- 
ated plant; extracts, and further data as to the stabilit y of the chlorate 
ion in the presence of various organic substances may easily be found 
(Mertng 1885 p. 123, Offord 1931 p. 17, Stapp & Bitcksteeg 
1937 p. 8). The latter authors found it stable even during boiling 
with organic acids, formaldehyde, or hydrogen sulphide (1. c. p. 31). 
WiKLANDER (1947) statcs that hydroquinone is not able to reduee 
chlorate in aqueous solution or in soil. Yamasaki (1931 b) found no 
reaction between chlorate and glucose, formaldehyde or acetaldehyde 
in neutral or alkaline Solutions, but States that a slow reduction 
takes place after acidification with acetic acid. In a control test 
made by the present author no chloride was found in a glucose solu- 
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tion (1 %) with additions of 20 mM KaClOg and enough acetic acid to 
lower the pH value to 2.7 even jifter a period of 5 days at 16° C. In 
the emresponding test with formaldehyde the addition of AgNOs on 
the fifth day resnlted in a slight tiirbidity. Jöiigensen (1945 p. 266— 
280) showed that ehlorate, (‘ontrary to broniate and iodate, does 
not oxidize glutatliione at pH 4.6, and »that the ehlorate ion, in 
eontradistinction to the broniate and iodate ions, lacks electro- 
activity at the pH-values generally found in biological fluids.» 

Under the (‘ircumstances the first step to an explanation of the 
toxic action of ehlorate is to find those eatalytical mechanisms which 
initiate or acvelerate the ehlorate reduetion in the sensitive cells. The 
possibility of siieh a eatalysis has been demonstrated by Hofmanjs 
et al. (1912,1913) who showed that a neutral ehlorate solution exerts 
a strong oxidative action after the addition of small amounts of 
osmium tetroxide. Todide ions, various metals, and sulphides are 
thus oxidized, and even pure carbon will reaet under the formation 
of carbon dioxide. Orgariic substanees are oxidized without any 
formation of eJilorinated by-produets. During the oxidation ()s ()4 
is reduced to OSgOs which then reaets with (-lOg' under re-formation 
of OSO 4 , ehlorite or hypo(*hlorite not being detectable as intermediary 
Products (1. c. 1913 p. 1659). Wiklander (1947) studied the effeet 
of OSO 4 (2 mg per 1 . soil solution) upon the ehlorate reduetion in 
soil. Only in the i)resence of hydroquinone it was strong enough to 
be deteeted by the biological test mad<‘ 6 days after the addition of 
the e.atalyzer to the soil. 

From the animal physiology another example of (»atalytieal chlor- 
ate reduetion is known. As already mentioned (p. 86 ) the blood 
pigment reaets with ehlorate under formation of methemoglobin 
and eliloride (pH of human blood 7.3—7.5), and this process was 
found to be an iron eatalysis. When suitable reducing substanees 
are absent the eatalysers become easily poisoned, probably because 
of the transformation into inaetive, ferric comx)und 8 (Mayer 1922 
p. 360, 374). 

In th<‘ plant physiology only vague suggestions as to the mode of 
action of the ehlorate have hitherto been made. Harvey (1931 
p. 482) suggests that »the respiratory chromogens are so completely 
oxidized that they cannot funetion», while Offord (1931) assumes 
a photocatalytic decomposition as well as a reduetion »under the 
stimulus of life processes» (p. 56). Yamasaki (1931 b) apparently 
presumes that pH-values sufficiently low to perniit a rcaetion be- 
tween ehlorate and glucose or aldehydes under the formation of 
hypoehlorite prevail in the sensitive cells. Neller (1931 p. 188) 
and ÅSLANDER (1931 p. 13, 19) think it possible that the ehlorate 
decomposes in the plant cells under liberation of nascent oxygen 
which destroys the protoplasrn. Crafts (1935 p. 709) resumes the 
problem in the following way: »Though ehlorate will also kill by con- 
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tact when present in high conccntrations, it seems to enter the plant 
more slowly when absorbed from the soil or when applied in Solutions 
of low concentration and aUowed to act by accumulation in the 
tissues. The plant dies under these circumstances, not because the 
protoplasm has been killed by direct reaction with the toxicant, but 
rather because this material so disturbs the metabolic processes that 
the plant can no longer function normally. The symptoms are sys- 
ternic in nature, and apparently assimilation and utilization of foods 
as well as other vital functions are affected.» There is often a rapid 
depletion of the stored carbohydrates in plants treated wdth chlorate. 
This has given rise to the assumption of a elilorate-induced inhibi- 
tion of the photosynthesis (Latshaw & Zahnley 1927 p. 761), as 
w(‘ll as that of a stimulation of the respiratory processes (Bakke et 
al. 1939 p. 142, cp. Offord 1931 p. 17). Offorb (1931 p. 17) also 
sets forth the possibility t hat the disappearance of the carbohydrates 
is the resiilt of »a speeific rea(*tion between sodiurn chlorate and the 
starehes or sugars ... in the presence of some starch-hydrolyzing 
enzyine.» 

In S(‘rutiniziiig the hypotheses hitherto advan(‘ed we may first 
diseiiss the possibilities of making a more detailed use of Harvey^s 
assumption of a direct effect upon the respiratory system. Starting 
from the possibility of an iron catalysis the cytochromes and the 
eytochrome oxidase may be assumed to react with chlorate, being 
ti)er(‘by inactivated or giving rise to the formation of toxic products. 
Under the circumstances, however, it is difficult to explain the 
abscmee of a rapid and general poisoning of the anirnal organism, 
the comidete insensitiveness to chlorate of for example yeast, or 
the speeific* localizatioii and speeific conditions of chlorate poisoning 
in green plants. Other iron-containing enzymes like catalase and 
peroxidase could also be assumed to react with chlorate, and there 
is also some data to support such an assumption (p. 90). The same 
difficulties as in the case of the cytochromes will, however, be met 
with, and it seems improbable that any of these groups of enzymes 
should play an important röle in the chlorate poisoning of plants. 
Instead we must assume the catalytic effect of hemoglobin to be 
speeific*. or that the other iron-containing substances are in some way 
proteeted in the organism. 

In sewage, soil, and so on the chlorate rediiction is intensified under 
anaerobic conditions (Stapp & Bucksteeg 1937, Nelson 1944) and 
this is ascribed to the activity of anaerobic baeteria. Another pos¬ 
sibility is that the rise in the concentration of free ferrous ions which 
is Ukely to oceur in such media under the circumstances causes an 
appreciable catalytic decomposition of the chlorate. In this con- 
nection the following observation of Owen (1929 p. 271) should also 
be noted: autoclaiung for 1^/2 hours caused the toxicity to disappear 
from a soil containing some chlorate of unknown origin, while the 
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aqueous extract of thc same soil could be auioclaved for 7 Iiours 
without any effeet on tlie toxicity. 

Offori)’s hypothesis as to a direet photocatalytic deeomposition 
of chlorate in the superficial layers of the i)lant does not seem to 
A\’arrant a detailed explanation of the eliaraxderistie features of ehlor- 
ate poisonin^ either. It is founded on soine experiments wliieli are 
said to have shown »that exposure to ultra-violet light for a few 
minut es brings about a deeomposition of sodium ehlorate as inani- 
fested by the appearanee of free ehlorine in solution» (1931 p. 17). 
For the ultra-violet rays transmitted by ordinary glass, at least, 
t his effeet must be very weak (p. 40). Injurios eaused by ultra- 
violet liglit should also be loealized to tiu» epidermis of the shoot- 
and sueh superficial chlorate injuries have not beeii d(*scribed. On 
the other hand the light-eonditioned chlorate action (p. 57) may, 
of course, be a photochernical pro(*e8s sensitized by for instance 
chlorophyll. 

Yamasaki’s hypothesis that the chlorate should be able to react 
directly with for instance glucose at the pH-values prevailing in 
living cells setuns improbable. Adequate exptTimental data to su])- 
port such an assumption have not been presented, and it has not 
bceii possible to find any correlation bet-ween the sensitivity of dif- 
ferent plant species and varieties and the acidity of their cell sap 
(Yamasaki 1931 b p. 324, JTxuid-Kareer 1941 b p. 490). Though 
it c-onsequently remaiiis necessary to assumt^ spedfic (*utalyti(‘ m(‘- 
(‘hanisms as the (*ause of ilw chlorate reduetion, there are on tln* 
other hand no reasons to doubt- that the hydrogen ion concentration 
strongly influences thc processes thus initiattui (p. 09, 96). Mayer 
(1922 p. 363, 375) found the reaetions eaused by ferrous sulphatt» 
or by hemoglobin to be greatly a(*celerated by dtuTtnising pH-values 
in the range 8.3—4.5 (cp. p. 66). 

Jn the search for other means of explaining t ht» chloratt» reduetion 
indubitably being the first step t)f the toxic, atdion, tliere is rea8t)n 
to notice the specifir depreasing effeet of nitrate upon ehlorate torieitif 
(p. 64). In Chemical respect the nitrates antl the c-hlorates show 
many similarities (Ephraim 1929 p. 595), and there is nothing to 
refute the supposition that they are able to repla(*e each t)ther in 
biological systems. Firstly this supposition t*an be ai)plied to the 
intake of chlorate ions which is depressed by nitrate ions only, and 
not by chloride, sulphate, or phosphate ions (p. 64). Further, it 
may be assumed that the nitrate redueing meehanisms of the plant are 
also able to reduee Morate and that a surplus of nitrate replaces the 
(‘hlorate ions from these systems, thus depressing the reduetion and 
the toxic action of chlorate. 

For a more detailed diseussion of the hypothesis thus outlined it 
is necessary to have some information on the nitrate assimilation 
of the wheat plant, a process which has fortunately been the object 
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of extensive investigations (Burström 1945). Some of the results 
which are partieularly importan t to the present discussion may be 
summarized as follows: 

The nitrate assimilation takes plaee in the roots as well as in the 
shoot. In the roots the process is, of conrse, independent of the light. 
It is connected with a respiratory process and an ample supply of 
carbohydrates is favourable. It is further dependent upon the pres- 
enee of manganese, which is the only metal able to promote the 
pro(*es8 at a normal rate. The manganese is loosely bonnd and some 
data have led to the assumption that the nitrate assimilation is 
localized to the siirface of the roots (1. c. p. 23). 

In the shoot the nitrate assimilation is almost wholly dependent 
upon the presence of light. The reduction is possibly of a photo- 
chcmical naturc» and t he pro(*e8S is inseparably linked with the carbon 
dioxide assimilation. The effects of heavy inetals are not known. 
TIutc ar(‘ also some signs of a light-indc^pendent nitrate reduction 
in tlie leaves, esjiecially in the young, growing ones (Burström 
1943 b p. 3, 1945 p. 53), which may be assumed to be identical with 
Ihe process occnrring in the roots. 

Thus a good agrcMmient is found between nitrate^ reduction and 
chlorate poisoning in many respeets. In both cases there is a light- 
independiuit proc(‘SS in the roots and probably also in the growing 
l(‘aves (p. 57), though the intensity must here be relatively low\ A 
liglit-conditioned i)ro(*e8S in the green leaves is also common to both 
of theni. VVitli regard to the chlorate poisoning it results in injuries 
which first ai)pear on the apical parts of the full-grown leaf blades, 
j)ossibly in connection with the stronger illumination of these parts 
iinder the experiinental conditions, and there is nothing that argues 
against a localization of the maximum nitrate reduction to the same 
parts (cp. Burström 1943 a p. 26, 1943 b p. 4). The chlorotic phe- 
noniena, appearing also at low chlorate concentrations in the form 
of a pale yellowish green colour or whit(‘ stripes and patches on the 
still turgescent leaves (Strobel & Scharreb 1926, Loomis et al. 
1933, ITurd-Karrer 1940, Vidme 1943 p. 270, and others), further 
indicate that the primary chlorate effects like the light-conditioned 
nitrate reduction, are probably localized to the chloroplasts (cp. 
Stapp & BucKSTEECf 1938 p. 368). 

The suggested localization of the light-independent nitrate reduc¬ 
tion to the surface of the root is the first point when* any difficulties 
coine in, as it is scarcely compatible with the high resistance of the 
root hairs (Ekdahl 1947 p. 163). The arguments favouring the 
assumption of such a localization are not imperative, however, and 
they do not form a suffieient ground for a rejection of the hypothesis 
here adopted. Litndegårdh (1945 p. 104) also calls attention to 
several faets which speak in favour of a localization of the nitrate 
assimilation in the central parenchyma of the stele. 
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As to the effeets of nianganese on the clilorate poisoning only three 
prelinunary experiments with young wheat plants have bitherto 
been made. The Chemicals were of the analytical grade. Each ex¬ 
periment comprised four groups of cnltures with 4—10 replicate 
tubes: 

1 ) solntion D (p. 40, in the first experiment without Fe), 

2) solntion 1) f 25 mg KaClOg pcT 1, 

3) solntion D 1 10 mg Mn 8 () 4 , 4 aq. per 1 , 

4) solntion D f 10 mg JVInS 04 , 4 aq. per 1 + 25 mg iS^aOlOg per 1. 

For all of the experiments it was noted that the root injnri(‘S were 
more (ionspicnions in the solnlions with added manganese than in 
the »Mn-free» solntioiis. The relative root lengths in the Solutions 
containing (‘hlorate (control 100) were 78 (81, 75, 79) and 91 
(107, 82, 85) respectively. There were no consistent effe(‘t 8 of IVIn 
on the shoot injnries. 

The eatalytic effect of ferrous ions on the deconiposition of clilorate 
is easily shown for inorganic systems in vitro (Mayer 1922), while 
the iminganons ions are inactive nnder the circ nmstanees. A mixtnre 
of 50 ml 0.2 M 10 ml 1 M KJ, 5 ml 0.05 M Fe (N 114 ) 2 ( 804 ) 2 , 

and some solnble stareh will soon show a deepening blne eoloration, 
while the mixtnre with the eqnivalent amoniit of MnS ()4 nmiains 
colonrless. In the (*orresponding experiment with nitratc* instead 
of clilorate both iron and manganese are ina(*tive. Tlu^ manganese 
effect is thns probably restricted to some complex organic system 
oeenrring in the living cells. 

As to the nitrate assimilation in wheat/ roots Bi rström (1940 p. 
178) States that »the H-ion concentration has no din^^t inflnence 011 
the rate of assimilation within the roots. JS'evertlieless, it is of ten 
of indirect importaiKie, regnlating the absorption of manganese, 
which, a(JCording to earlier resnlts, is a predominating factor in 
nitrate assimilation.» For the toxicity and rednction of clilorate 
other factors iniist be of eqnal or higher importance, however, as the 
toxicity is definitely decreased with inereasing pH (p. 69), while the 
manganese absorption and retention nnder the cirenmstances pre- 
vailing in the experiments (balanced solntions) may be expected to 
inerease (Burström 1940 j). 164). The iron-catalyzed rednction of 
(hlorate is rapidly accelerated with decreasing pH (p. 66 , 94), 
and, presnming this phenomenon to be related to the chlorate ion 
in a specific way, it seems permissible to assnme its validity also for 
an analogous system with Mn as the active factor. 

The effects of temperature on the light-conditioned rednction of 
nitrate in the leaves of the wheat plant are not known. Eegarding 
the intimate connection between this process and the carbon dioxide 
assimilation it may be assumed, however, that it has a flat optimum 
at ca. 20 ° C or lower (cp. Lundbgårdh 1928 p. 31). If this assumption 
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is transferred to the chlorate reduction a complementary ground 
for explaining the absence of any strong effects of the temperature 
upon chlorate poisoning is obtained (p. 59). 

Summarizing, it may be said that the specific effect of the nitrate 
ion upon the toxicity of chlorate, together with the detailed agree- 
ment between the localization and conditions of nitrate reduction 
and chlorate poisoning, seems to justify the assumption that the 
poisoning is initiated by a reduction of the chlorate, effected by the 
mechanisms which norinally reduce nitrate. It may further be as- 
suined that hypochlorites or chlorites are liberated during this pro¬ 
cess, and that these highly toxic. substances (p. 78, 81) are the 
(lirect c.ause of the poisoning. PYoni the structures concerned with 
the reduction the poisonous products may spread to other parts of 
the plasm and, A\’hen x>resent in suffi<‘ient arnounts, cause the death 
of the cell. 

ITnder the circumstanc.es there is no ground for expecting a direct 
X)r()portioiiality between the degree of injury and the amount of 
(‘hlorate reduced, at least for experiments of a fairl}’^ long duration. 
At moderate chlorate corKicntrations, i)erinitting a successive re¬ 
generation of the rediKung mechanisms, this amount should rather 
be expected to reach values as high as or higher than those obtained 
at eoncentrations which rapidly kill a great part of the plant and 
wiiere the reduction sooii c.omes to a standstill (p. 47). Both types 
of results are represented among the experimental data (table 4 and 
11 ; table 14). These are not yet sufficient, howwer, to give a detailed 
quantitative picture of the conditions prevailing in this respect. For 
this x)urpose a series of experiments of the same type as no. IV (p. 
45) but with differ<‘nt chlorate eoncentrations should be made. 

The relationship between nitrate and chlorate in the metabolism 
of the wheat plant should, according to the view^s here advanced, 
be classified as a case of »mass antagonism» in the sense of Hurj)- 
Karrer (1939). This concept is defined as »a inass effect of an essen- 
tial element on the x)roi)ortiouate intake, and utilization in organic 
syntheses, of a toxic element sufficiently similar chemically as to 
])r(H*lude any considerable selectivity» (1. c. j). 24) and exemplified 
by the ion pairs sulphate-selenate, phosphate-arsenate, X)otassium- 
rubidium, and calcium-strontium. In some cases the toxic substance 
may i)erhaps be assumed to block vital processes, but in the case of 
chlorate it is metabolized to a strong plasmatie poison. Further 
studies on su(*h cases of »mass antagonism» are highly desirable as 
they are certainly apt to throw light upon the nature of the Chemical 
selectivity of the living plasm and upon the mechanism of salt ab- 
sorption. — In this connection it should be mentioned that no sig- 
nificant effects of 10 mif Cr, Br', NO 3 ', or SO 4 ' upon the toxic effect 
of 0.1 or 0.25 niM V could be deteeted in two experiments, analogous 
to no. XIV (p. 63). 

7 — 47400 LanthrukahögHkolan» Annaler. Vol. 15 
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There are no reasons to assume that the nitrate-redueing mechan- 
isms are identical throughont the plant kingdom, and the possibility 
reinains that sonie of the mechanisms are unable to redu(5e ehlorate, or 
that the reduction niay be perforined without the formation of toxic 
intermediate products. Many types of bacteria and fungi which are 
undoubtedly capable of reducing nitrate are insensitive to chlorate 
(p. 87). As an example the denitrifying bacteria may be mentioned, 
and Aspergillus niger has been shown to grow norrnally in Solutions 
containing 25 per cent sodiuin chlorate (Stapp & Btjckhteeo 1937 
p. 25). In this case it is apparent, however, that the nitrate-redueing 
mechanism is different from that of the wheat roots as it is dependent 
upon the presence of molybdeniirn instead of manganese (see Bur- 
HTRÖM 1945 p. 46). In this connection it is interesting to note that 
manganese is said to act as a stimulant for nitrifying and nitrogen- 
fixing bacteria (see Waksman 1927 p. 665), which are also sensitiv(‘ 
to chlorate (p. 88). In the case of the nitrite-oxidizing bacteria it 
may be supposed that the oxidation mechanism is partially reversible 
and that it is also apt to reduce dilorate. The dat-a as to the ability 
of bacleria and fungi to reduce chlorate (p. 88, 93) are for the 
])resent very scanty, however, and a more detailed diseussion of the 
])roblems conne(‘ted with the variable sensitivi ty of these organisms 
must be postponed. The same is valid also in the case of some pri¬ 
mitive green algae which are apparently verv resistant to chlorate 
(p. 90). 

As to the effeeta of bromate and iodate (j). 72) the followiiig 
points may be emphasized. 'No direct studies on the reduction of 
these substances in the plant organism have hitherto been made, 
but it seems reasonable to assume that the bromate^ at least, is more 
easily reduced than the chlorate, and that the reduction causes tlie 
formation of toxic intermediate products (bromite, hypobroniite) 
with properties (;omparable to those of chlorite and hypochlorite. 
Under the circumstanc-es the poisoning should be more rapid and, 
as special catalytical mechanisms are probably not necessary to 
cause the reduction, more universal than the chlorate poisoning. 
The possibility of direct, colloido-chemical effeets of the bromate 
ion must also be left open. 

As to the iodate it should be observed that the prop(‘rties of the 
reduction products are fairly different from those of the analogous 
chlorine compounds (Ephraim 1929 p. 305); thus the hypo-iodites 
reaet only very feebly with proteins (Dakin, see Sollmann 1945 
p. 179). Another important difference is that the final produet of 
the reduction, the iodide, is highly toxic (p, 73). Considering the 
similarities between the symptoms of iodate and iodide poisoning 
it may be tentatively assumed that the iodate undergoes a reduction 
in the plant which, without any strong toxic effeets of possible inter- 
mediatc products, results in the formation of highly toxic iodide. 
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Under the circumstances the much lower toxicity of the iodate com- 
pared to the equivalent amount of iodide may be dependent upon a 
retardation of the formation of the toxic iodide and upon a differ- 
ent distribution of this substance (»ompared to the conditions prevail- 
ing in plants which absorb iodide from the nutrient solution ((*.p. the 
membrane effects of iodide, Ekdahl 1947 p. 154). 


12. Summary. 

The effects of chlorate and some related substances upon young 
wheat plants have been studied, using solution cultiires placed in 
control chambers. The chief results are as follows: 

1. The chlorate (‘Dncentrations used have mainly been within the 
raiige 0 . 1—1 mM (1 mM ^ 106.5 mg NaOlOa per 1). In a nutrient 
solution containing 3.6 niM NO 3 ' 0.5 mM CIO 3 ' gives rise to shoot 
irijuries in the form of yellow striping and withering of the leaves 
which b<‘(‘ome apparent after 2 days and then rapidly grow more 
int(Mise. The root injuries appear during the first day and have the 
form of discoloured zones, combined with sharp bendings which are 
often repeated 2 or 3 times. 

2. The (‘hlorate intake from a 0.5 mM solution proceeds at a 
rclativoly constant rate for at least 9 days. During the first days 
the absorbed chlorate is partly reduced within the plant, but later 
on, when the injuries have become very strong, this process appar- 
cntly ceases. 

o, The light is an essential factor for the reduction and toxic action 
of chlorate in the shoot. At chlorate concentrations 5 1 mM, how- 
cv(*r, th(»re is a growth inhibition also in the dark which is mainly 
r(*stri(it-ed to the young growing leaves, wdiile the light-conditioned 
injuries are mainly localized to the full-grown leaf blades. The root 
injuri(\s are of the same type in the light and in darkness, though 
thcy are usually more conspicuous for roots which are supplied with 
an ample amount of assimilates from the lighted shoot. 

'/. An increase of the temperature from 15 to 25° C doubles the 
(‘hlorate intake but influences the degree of injury only slightly. 

5, When the chlorate and nitrate concentrations of the nutrient 
solution are varied parallelly the degree of injury remains fairly (»on • 
stant. The depressing effect of the nitrate ion upon chlorate toxicity 
is specific and cannot be reproduced with chloride, sulphate, or 
phosphate ions. It is partly due to a lowered chlorate intake but 
also to an action upon the toxic processes within the plant. 

6, The chlorate toxicity is considerably increased with decreasing 
pH within the range 8 —4. 

7, The toxicity of bromate is of the same magnitude as that of 
(‘hlorate. The inhibition of the root growth is stronger and no 
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bendings occur. The effect upon the slioot is most conspicuous for the 
young leaves, the growth of which is iiihibited at- higher concentra- 
tions. 

8. The toxieity of iodate is nmeh lower tlian that of chlorate or 
brornate and is probably eonnected with the formation of iodide 
whi(*Ji, eontrary to cliloride and bromide, is a strong poison for the 
wheat plant. 

9. The hypo(*hlorit(\s are very strong poisons which probably 
cause a rapid destruction of the proteins of the living plasm. 

10. The chlorites are almost as toxic as the hypochlorites. Their 
mode of action is not known. 

11. The symptoms of perchlorate poisoning ar(*. widely different 
from those of clilorate i^oisoning. The action of the perchlorate ions 
are probably of a direct, p]iysico-(‘hemical iiature. 

12. The available data on the effeets of chlorate, brornate, and 
iodate upon animal organisms, ba(*teria, fungi, and enzymes are 
discnssed. 

13. From the great variation in the s(msitivity of different organ¬ 
isms to chlorate and from its specifically localized, specifically con- 
ditioncd, and slow action it is concluded that tlie chlorate ion lacks 
a general poisonous action upon the living plasm. 

14. It is suggested that the toxieity is ciex)endent upon a trans¬ 
formation of the chlorate in the sensitive cells which is initiated by 
specific, catalyti(*al mechanisins. 

13. From the specific depressing effe(*t of nitrate upon chlorate 
toxieity, from the (hemical similarity of chlorate and nitrate ions, 
and from the detailed agreement between the conditions and localiza- 
tion of chlorate poisoning and nitrate reduetion it is concluded that 
the presumed catalytical mechanisins are the same ones which nor- 
mally reduce nitrate. 
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Some Experiments on the Formation of Glucur- 
onic Acid Derivatives in the Chicken. 

By IVAR SPERBER. 

From the Institute of Arnmal Physiology. 


The study of dctoxication mechanisnis in birds lias been hanipered 
by the difficulty of obtainin^r the urine free from eontaniination by 
tlie faeces. Despite this, inost of the inore important detoxieation 
mcHduinisms known in mammais have been dernonstrated in this 
|[^roup of vertebrates also (ef. (^rowdle & Sherwin 1923). Oonjiipition 
with glneuronic aeid is an exeeption. The lack of information on this 
subject is of (iourse due to the relatively late development of simple- 
and aceurate methods of estimation of the eonju^ation prodncts. 
As siie-h methods are now available, and as we also have simple 
methods for the eollection of urine in the (*hieken it seemed that an 
investij]:ation on the formation of ^lueiironides in the ehieken mi^ht 
with i)rofit be undertaken. 

Methods. Glueuronic acid has been determined accordin^? to the 
method of Maughatst, Evelyn & Brown (1938), adapted for use with 
a Weca photocell-eolorimeter. 

2 ml. of a suitably diluted samj)le is heated for 30 minutes on tln^ 
boilini^: water-bath with 2 ml. of a 0.2 % w/v aqueous solution of 
naphthoresorcinol and 3 ml. coneentrated hydrochloric acid. After 
thorough coolin^y and the addition of 2 ml. 96 % ethanol the pi^jment 
formed is extra(*.ted with 10 ml. etlier. The ether layer is transferred 
to the cuvette, which is then filled to the neck with ether c-ontaining 
5 percent by volume of ethanol. If the dilution is made with pure 
ether, the solution usually becomes turbid. The extinction is then 
measured in the colorimeter with a ji^reen filter. The calibration curve 
is eonstructed from values obtained with known arnounts of phenyl- 
glucuronide. 

The urine is collected by the method outlined by the author (Sper- 
BER 1946) with a sli^ht modification. 

The arran^ement used is made clear by fig. 1. a is a rubber funnel, 
whose wider end has an annular thickening b. The ed^e d of an outer 
funnel c projects a little beyond b. A continuous suture enclosing 
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both ureteral openings attachés the funnels to the cloacal mucosa. 
Each stiteh (») goes through the edge d and through the mucosa. 
The latter is thus drawn up around b, providing a tight fit. From a 
the urine runs through a piece of glass tubing into a test tube. The 
operation is performed under local anaes- 
thesia of the mucosa by a drop of decicain 
(0.5 percent solution of 4-butylamino- 
ben zoy Idimethy laminoeth an ol). 

The bird, which is fitted with a harness 
during the operation, is then attached to 
a board with a holder for the test tube. 

Th(‘ urine may be collected for periods of 
varying length up to a total of 2—5 hours. 

Routinely the bird is given 50—100 ml. 
water by stoina(*h tube, as otherwise the 
urine is usually scanty and vi8(*ous. 

Full grown iiens of White Leghorn breed 
weighing about 1.5 kg were used. 

Thi) substances were injected into the 
pect.oral nmsclcs, dissolved in 1—2 ml. Arrangoment for the 

wator (or aqneous ethanol in the case of colloction of urine. Explana- 
liapllthol). in th(3 text. 

Though the operation requires some 
extra work as coinpared with the collection of urine from small 
maminals, the use of chickens may be said to have some advantages 
for tlu^ study of detoxications, as the urine may be (iollected for very 
short ])eriods and the eliniination thus followed almost continuously. 
When the eonjugation and excretion are rapid the increase in 
gluciironide excretion resulting from quite small amounts of ad- 
ininistered substances may be detected, which is more difficult 
when long periods are used. 

Results. When a dose of 20 mg phenol is injected intramuscularly 
th(‘ urine very soon (in some minutes, varying with the rate of urine 
formation) contains increased amounts of glucuronides. The ex¬ 
cretion increases rapidly for about 20—30 minutes and then falls 
gradually. The excretion is essentially complete in about two hours. 
A typical curve is given in fig. 2. 

If it is assumed that the level of excretion of glucuronides is con- 
stant during the experiment, when the glucuronide formed from 
the injected phenol is left out of account, and that all excretion of 
glucuronides above this level is formed from the injected phenol it 
is possible to calculate the fraction of the phenol excreted as glucur¬ 
onide. The assumptions are probably not strictly true, as the forma¬ 
tion and excretion of the phenylglucuronide probably influences 
the formation and excretion of other glucuronides to some degree, 
as the mechanisms must at least in part be common for all glucur- 
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onides. Wheri the amount of phenol injected is as small as in this case, 
it seems improbable that the formation and excretion of other 
fijhieuroriides is appreciably influenced, and the toxic influenco of 
tho phenol itself may also be assumed to be unimportant. 

In control experiments performed without phenol injection, the 
level of jjlueuronide excretion was usnally sli^htly lower at the end 
of a two honr period than at the beginning, but the differences were 


qli4.c>uj^orujde 

^'rnin 
OJ 

0,6 
0.5' 

0,4' 

0,3- 

0 . 1 \ 

La_ . __ _ ^ ___ 

t 30 60 90 /20 /50 ttnie 

20 re<sorc2Mol rru/iu^e.s 

Fig. 2. Tho excretion of glucuronide after tho injection of 20 mg roHorcinoi at 
tho time indicatod by the arrow. 






small and a correction for this source of error does not seem neees- 
sary. It wonld, however, be required if the effeet) of miich smaller 
amounts of phenol were investigated. 

In fonr experiments the inerease in glucuronide excretion was 
equiralcnt to 35, 39, 47 and 50 % of the injected phenol (20 mg). 

Resorcinol. Tlu» experiments with this substance were similar to 
the above. The caleulation of the amount exereted as glucuronide 
involves two inore assumptions. The amount of colour produced 
with naphthoresorcinol is assumed to be the same as for phenyl- 
glucuronic acid. Though the rate of colour produetion is different 
for different glucuronides (cf. Hanson, Mills & Williams 1944) 
this assumption probably introdiices no serious error. Anyhow the 
use of f3-phenylglucuronide as standard substance would seem to be 
at least as reasonable as the use of glucurone or pregnanediolglucur- 
onide, which are cornmonly employed. It is also assumed that only 
monoglucuronides are formed. 

The estimated degree of coupling with glucuronic acid is then 52 % 
(one exp. 20 mg), 38, 48 and 50 % (10 mg). 

PhloroglucinoL The above considerations also apply to this sub¬ 
stance. In three experiments the caleulated amount of coupling was 
2, 10 and 24 percent (20 mg doses). 
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aL-Naphthol. 20 mg was dissolved in 0.4 ml. ethanol and 0.6 ml. 
water. Two experiments gave increases in glucuronide excretion 
eorresponding to 30 and 33 percent of the amount of naphthol 
administered. 

Benzoie acid. The intramuscular administration of 10—30 mg 
of this substance as the sodium salt did not result in measurable 
increases in the glucuronide excretion (5 experiments). 

j>-Aminobenzoic acid. In one case 20 mg gave a slight increase in 
the glucuronide excretion, but in three other cases similar amounts 
did not have any influence on it. 

Chloral hydrate. The results with this compound were quite in- 
consistent; the injection of 20—40 mg sometimes resulted in a slight 
depression of the glucuronide excretion, sometimes in a slight rise. 
Neither effect was very marked. 

Discussion. It is apparent that phenol, resorcinol and naphthol 
are converted to glucuronic acid derivatives very rapidly and to a 
considerable extent. The few experiments performed with each 
substance do not allow more accurate staternents than that about 
one third to one half of these phenols are detoxicated in this manner. 
In mammais, these compounds are detoxicated in a similar manner, 
as is well known. Similarly Seea (1914) was able to isolate the mono- 
glucuronide of phloroglucinol from the urine of rabbits fed this com¬ 
pound. As neither Pittinger (1895) nor Heffter (1905) report any 
glucuronide formation from phloroglucinol in the same species, it 
seems probable that the rabbit is variable in this respect as is ob- 
vioiisly the chicken. 

The failure of the diicken to excrete compounds of glucuronic acid 
after the administration of small amounts of benzoie and p-amino- 
benzoic acid is in agreement with the behaviour of some mammais 
(<*. g. man and rabbit), but in contrast to that of the dog, where most 
of the benzoie acid is exereted coupled with glucuronic acid (Quick 
1926). It would scem, however, that the administration of larger 
amounts of benzoie acid may lead to coupling with glucuronic acid, 
when the available ornithine has been exhausted. Such a possibility 
would seem to have less interest in so far as the clucidation of the 
normal course of the detoxication is the aim. The failure to obtain 
consistent results after the administration of chloral is somewhat 
surprising in view of its relatively extensive (»nupling with glucuronic 
acid in man. The experiments performed do not, however, suggest 
that the chicken is unable to form urochloralic acid. The findings 
may equally well be explained by assuming that the formation is 
delayed, or that the excretion is slow. The former assumption is 
fairly reasonable as it is not chloral but trichloroethanol that is 
present in the glucuronide formed. The latter assumption also seems 
possible. As shown by the author (Sperber 1946, 1947) menthyl- 
glucuronide and phenylglucuronide and probably resorcinolglucur- 
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onide are excreted in tlie chicken by tubular excretion as well as by 
^^lomerular filtration. In view of the considerable difference in struc- 
ture between these substances and urochloralic* acid it niay well seern 
doubtful whother tliis last is also excreted by tubular excretion, 
Altliough the excretion would be retarded if no tubular excretion 
took place, such a failure alone cannot well aecount for the almost 
eomplete lack of increased excretion of glucuronide durin^r two hours 
followin^? the administration of chloral. The variability in response 
noted, especially the oc.currence of decreases in ^jlucuronide excretion, 
may indicate some interference with kidney function by chloral. 

Summary, By the iise of a new method for the collection of iin- 
c.ontaminated uriiie in the chicken, the excretion of fjlucuronic acid 
derivatives after administration of small amourits of some com- 
pounds has been investi^ated. 

The increase in excretion of glmaironic acid derivatives corresponds 
to about one third to one half of the amount inje(*t(Hi of phenol, 
resorcinol and a-naphthol. The excretion be^jins almost immediately 
after the intramuscular injection of the plienols. 

Phloroj?lucinol (iauses a smaller and less rcKular rise in tlu* (»xcretion. 

Benzoic acid, p-aminobenzoic acid and chloral fail to increase 
consistently the excretion of ^lucuronic acid derivatives during the 
two hours following the administration of the c.ompound. 
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1. Introduction. 

From iibout 1920 and oiiwards chloratc has been used as a weed 
killer to a steadily increasin^ extent. Many investi^ations liave also 
been devoted to the stiidy of the effects of ehlorate upon plants, but 
elose descriptions of the root injuries are j[?enerally laeking, some ear- 
ly observations of Stieur (1903) beinj*: the most noteworthy excep- 
tion (cp. pp. 122, 129). In eonnection with the investigations made 
by ÅBERG (1947) about the physioloj^ieal meehanism of the ehlorate 
action upon young wheat plants, it was therefore eonsidered suitable 
to make a detailed study of the effeet of ehlorate upon the roots, spe- 
(*ial interest beinjj taken in the behaviour of the root hairs. In order 
to make elear the effeet of ehlorate some other salts have also been 
tested (iodate, bromate, perehlorate, ehlorite, hypoehlorite, ehloride, 
iodide, bromide and thioeyanate). 

2. Material and methods. 

The experiniental material eonsisted of 3—4-day-old plants of 
spring? wheat, variety »Diamant II», ^rown in water eulture in the 
eontrol ehamb(u*8 of the Iristitute. The eulture eonditions were the 
same as those used before (Ekdahl 1944 p. 3), and the nutrient so- 
lutioii was equal to Åberg^s solution A (1947 table 1). 

At 9 a. m. th(» (*ulture tubes with the wheat plants were transferred 
to a temperature (‘ontrol eabinet in wiiieh th(» temperature was 
20—21" V, In the (»ontrol ehambers it was 18—20"" (- durinj? the 
li|iiht period (»ndiii^^ at 9 a. m. A ])lant w as then transferred direet 
to the expcTimental equipment. The temperature differenee between 
the eontrol ehamber and the eabinet proved t-o be of no importanee. 

For the ineasurements of the root hair ^j^rowth an observation 
ehamber with arranj^ements for a (»ontinuoiis streaminjj: solution 
and similar to that described by Liundegärdii (1940) was used. The 
(»hamber was plaeed on tlu» sta^?(i of a microseope and the flowin^^ 
solution eould be ehanjufiMl without int(*rruption of the streamini^. 
The wdiole equipment was plaeed in the (»abinet. 

At the besinning of the experiments a root was plaeed in the ob- 
S(»rvatioii ehamber and eovered with a eover glass. Then the stream- 
ing nutrient solution was let on. This solution was the same as 
that in the eulture tubes, but without iron, whi(*h has been exeluded 
in order to avoid the preeipitation of iron hydroxide, and in the fol- 
lowing ealled >S'-solution. In a solution witliout iron the root hairs 
grow, as was shown by eontrol experiments, at the same rate as in an 
iron solution. For at least 5 hours the root hairs did not suffer from 
any laek of iron. 

On transferring a plant to the observation ehamber the growth 
rate of the root hairs was often reduced and they sonietimes eeased 
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to grow for a short while. 30—60 ininutes after the transference 
the growth was, however, constant and the measurements could 
start. The ^owth of root hairs was determined by an ocular mi- 
(Tometre by measuring the length of the hairs every 30th minute, 
and the elongation was followed for 3—6 hours. In this manner 
several root hairs could be observed in the same experiment, whieh 
is important because each hair generally grew at a very (ionstant 
rate; that was, however, different for different hairs. Farr (1927 IT 
p. 501), too, found a great variation in the growth rate of different root 
hairs in his experiments with Georgia collard in water eulture. Each 
ineasurenumt, comprising 8—16 hairs, lasted for 3—5 min. The 
root hairs were observed suecessively and the exaet lime for each 
observation was read at a (*hronometer. At the start of the obser¬ 
vations the root hairs were between 100—300 fx and at the end of the 
(»xperiment 500—700 fx. 

During the first 60 minutes the growth of root hairs in /<-s()lution 
was determined. Then the streaming solution was changed. As a 
basal valne the root hair growth in /iS-solution has always been used. 
Th(‘ test Solutions consisted of an *Sf-8olution with varying amounts 
of the salt whose effect on the root hairs was to be determined. In all 
Solutions i)H was between 6.0—6.3. In this way the changes in the 
(‘xternal conditions have become as small as possible. The salt eon- 
centrations are given in millimoh^s, or micromoles, per litre (milf, or 
(x3f, in the following). 

From the observed values (in scale units) the growth rate in (x/hour 
was calculated and for each measurement period an average value 
was ('onii)ut.ed for the root hairs whieh had grown during the whole 
iiH^asurement ])eriod. The hairs that ceascni to grow' during the pe¬ 
riod were not included in the avcTage values. Besides, the number 
of growing root hairs in relation to the number of observed liairs, 
g/o, is meiitioned for each period. 

Sonic examples are given here in order to show- the (‘ahailation 
iindliod used. In table 1 the values for the growth rate of nine root 
liairs and the average values are given (exp. no. 16; see also fig. 1). 
During the measurement period 180—210 min. hair no. 3 (»eased to 
grow^ for a short while, whieh was apparent from the sw^elling of the 
hair tip (ci>. further p. 121). During the same period the root hair re- 
sumed its growth again. It was eonsidered best to exclude the value 
for this hair at the ealculation of the average value for the period. 
During the measurement period 90—105 min. another root hair 
(no. 6) suddenly burst in the tip. Part of the plasrn was pressed out 
through the tip and the growth stopped. During the next period no 
grow^th was observed, while, during the 120—150 min. period, the 
hair began to grow again (idate I, fig. C). The values for these threc 
periods were excluded. 

The root hairs are very sensitive and it is difficult to decide 
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Table 1. The growth of root hairs in nutricnt solution with chlorate. 

Experiment no. 16, 21. 111. 1946 (seo tab. 6). 

Plant three days old. 

9*® a. in. — tho root is plaood in the observation ehamber with <S-solution. 
9®® a. m. — 0' — the measuremonts are started. 

80' — (»hanpe into Å^-solution with 5 milf sodiiim chlorate. 

S and E = length of the root hairs in p at the start and tho end of the 
measuroments. 

Values in aiigles are not included in the avorage values. 

The relation glo see p. 115. 


The' growth of nine root hairs, (i/hour 


mm. 

1 

2 

3 

4 


0 

7 

8 

9 i 

ave- 

rage 

glo 

S 

402 

322 

213 

150 

91 

56 

430 

388 

430 



0 - 15 

80 

95 

81 

95 

112 

84 




91 

6 • 6 

15- 30 

70 

98 

84 

70 

112 

84 




86 

6 6 

30- 45 

70 

112 

84 

98 

112 

112 

78 



95 

7.7 

45- 60 

70 

98 

84 

98 

126 

112 

70 

81 

87 

92 

9*9 

60- 75 

70 

98 

98 

98 

112 

112 

84 

99 

70 

93 

9:9 

75- 90 

70 

84 

84 

112 

126 

112 

70 

84 

72 

90 

9.9 

90-105 

70 

98 

84 

84 

112 

56 

84 

84 

84 

88 

8:9 

105-120 

; 98 : 

98 

, 98 

98 

126 

0 

84 

108 

84 

99 

18.9 

120 150 

! 70 i 

98 

: 91 

105 

i 119 

(25, 

84 

91 

96 

95 

[8.9 

150-180 

i 84 ! 

98 1 

i 91 

91 

I 119 

98 ' 

91 

98 

84 

94 

1 9 9 

180-210 

1 84 ! 

98 

1 (56^‘ 

98 

1 119 

91 

91 

100 

78 

95 

i 8:9 

210-240 

1 98 1 

105 

i 

98 


98 

(0^ 

103 

75 

98 

18.9 

240 -270 

92 ; 

98 

93 

92 

1 2 ' 

I ' 1 

105 

(0 

95 

95 

96 

I 7:8 

270 300 ; 

60 j 

88 i 

93 

80 

: 123 ' 

' 109 

(0) 

87 

87 

91 i 

8.9 

300-330 

68 

— 2 

1 

70 

76 

116 ! 

95 

j lO) 

87 

85 

85 

7 • 8 

E 

829 

812 j 

661 

661 

1 

735 

535 

672 

521 

742 



0- 75 

72 i 

100 ! 

86 

92 

116 

101 




94 1 


90-330 ; 

80 , 

97 ! 

88 

91 ! 

119 ! 

99 


i 


% 1 



^ During the ineasurement period the root hair ceasod to grow for a short 
whilo. This was apparent from the swelling of the root hair tip. 

® Fixed base line lost. 

® Plasmoptysis (bursting of root hair tip) occurrod during the measurernent 
period. Later on the root hair grew again. 

* The growth ceased and no olongation was observed during the following 
measurements. 


tlie causes for sudden chanjyes in their growth. Before the plasmo¬ 
ptysis hair no. 6 grew at the rate of 112 fx/hour and 46 min. after the 
bursting the hair grew again and the rate was 98 fx/hour. In less than 
60 min. the root hair resumed its previous rate of growth. It is diffi- 
cult to decide to what extent the chlorate in this case has been the 
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Table 2. The growth of root hairs in nutrient solution with iodide. 

Experiment no, 47, 18. VI. 1946 (see tab. 14). 

Plant thre© days old. 

8^® a. m. — the root is placed in tho observation chamber with Ä-solution. 
9®® a. m. ~ 0^ — th© measurements ar© started. 

78'—change into 6’-solution with 0.01 nxM potassium iodide. 
Values in angles and the values from root hair no. 12 are not ineluded in 
the averago values. 

The relation glo seo p. llö. 


Time 

miii. 

. 

3 

4 

The 

5 

growth of 

6 , 7 

' 

tiin© r 

» 

oot hairs, |i/hour 

13 i 16 j 12 

ave- 

rage 

1—15 

glo 

0 - 20 

75 

86 

75 

05 ' 

86 

97 

125 ; 

117 : 

111 

98 

14 : 14 

20- 40 

105 1 

105 

105 

95 ! 

95 

105 

97 1 

118 ' 

0*1 

97 

14 14 

40- 60 

74 * 

84 1 

95 

95 

95 

125 


123 ; 

65 

99 

14 : 15 

o 

00 

1 

o 

95 

105 ; 

84 

1 

105 ' 

1 

84 

105 

92 ; 

41 

82 

92 

15 15 

80-100 

72 1 

90 i 

80 1 

80 i 

80 

80 1 

82 1 

82 

61 

77 

15 15 

100 120 

43 

66 , 

66 

22 , 

66 

(55 

75 : 

54 

43 

58 j 

14 . 15 

I20-ir)0 

lT4^ 

59 : 

54 

75 i 

61 

:0' 1 

(14.*' 

68 1 

54 

52 ! 

9 . 15 

150 -180 


54 1 

52 1 

.30)* 

51 

vl4'| 

f 1 

65 i 

51 

55 1 

8: 15 

180 -220 


10 ^ 


-f i 

(11)^ 

55 

4 j 

60 i 

27 

44 

8: 15 

220 * 260 



38 i 

+ 1 


41; 

4- 

47 1 

(5A' 

32 

6 . 15 

260 300 


4- 

26 

1 

- 

16 1 

1 + i 

40 1 

4 

27 

3: 15 

300 330 



(0 1 

4- ; 

- 

8j'| 


25 1 

+ 

25 

115, 

330 360 


I 1 

+ 1 

+ ; 

“ i 

4 1 

1 J ! 

(0)'' 

f 

0 

0 15 


^ During tho moasuremont period the root hair eeased to grow and the tip 
swollod. 

“ As 2) in tab. 1. 

As 3) m tab. 1. 

* Plasirioptysis oocurred during the measurement j^eriod. Later on no elonga- 
tion was obsorved. 

® - — tho root hair is doad. + ~ root hair with protoplasmic streaming. 


eauso of the change, as plasmoptysis inay oceur even in an aS^-soIu- 
tion (hair no. 12, table 2). 

In table 2 the results from an experiment with a 10 (xM potassium 
iodide solution are given. This solution had a great effeet on the 
root hairs. Af ter about 150 min. half of the root hairs had eeased to 
grow and after 300 min. only one hair went on growing. 

A comparison between the values A and g/o given in tables 1 and 
2 shows that the method used clearly illustrates the differences in 
the effeet of the chlorate and the iodide Solutions. 

In the measurements the error was within the limits + 3.5 |jl 
(± 0.5 scale units). The error per cent of the growth values given in 
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Tabk" 3. The growth of root hairs in nutrient solution with chlorate, 

The tiireotly obsorved values in scalo unifcs of root hairs nos. 4 and 5 from. 
experiment 16. The oaleulated values in |i/hour are given in tablo 1. 

10.0 seale units -- 70 ji. 


[ The growth of root 

hair no. 


1 

4 

i 


5 


i 

! timo niin. 

growth, soalo 
units X 10 

time min. 

1 

1 growth, seale 

1 units X 10 

1 

1' 1C>'30" 

35 

2' 17' 

1 

40 

! 16' 30" 31' 30" 

25 

17'~ 32' 

40 

31'30" 46'30" 

35 

32'- 47' 

40 

; 46' 30" - 61' 30" 

35 

47'-- 62' 

i 45 

61'30"- 76'30" 

35 

62'- 77' 

40 

76'30"-- 91'30" 

40 

77' 92' 

: 45 

91' 30"-106' 30" 

30 

92' 107' 

40 

106'30" 121'30" 

35 

: 107'~122' 

45 

121'30"- 151'30" 

75 

122'-152' 

85 

1 151'30" 181'30" 

65 

152'-182' 

85 

1 181'30"-211'30" 

70 

182' 212' 

85 1 

211'30"-241'30" 

70 

212'— 242' 

80 

241'30" 273'30" 

70 

242'-274' 


1 273' 30"- 302' 30" 

55 

274' -303' 

85 



303'- 334' 

i 85 I 


the tables varies with thc lengtli of tlic nieaKSiirement periods and the 
growth rate of the root liairs. For nieasurenients every 30th ininute 
and for a growth rate of 100 (x/hour the highest error is ± 6 %; for a 
growth rate of 70 fx/hour the error is + 10 % and for a rate of 120 
(x/honr it is ±3 %. Generally, observations have been made every 
30th minute and the root hairs have grown at the rate of 70—120 
[x/hour, and the errors of the values given for individual root hairs are 
thus within ± 3—10 %. The length of the root hairs, however, has 
been determined with an accuracy of + 1—2 %. 

The values given in table 3 show the accuracy of thc measure- 
ments. In thc table the times noted and the growth in scale units 
of root hairs nos. 4 and 5 from exp. no. 16 are given. The variation 
between the periods apparently lies within the given error limits. 

The Chemical determinations of chlorate in the absorption expe¬ 
riments have been made under the supervision of Dr. T, PinLiPSOis 
at the Analytical Department of the Chemical Institute. The me- 
thod used will later on be published by Dr. Philipson in another 
paper, and is preliminarily described by Åberg (1947 p. 40). 
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8 . The growth of root hairs in nutrient solution. 

Root hairs ^^enerally grow very constantly. Jeffs (1922, 1925) 
found that the root hairs of pop corn and white mustard grew at a 
constant rate for at least 9—10 hours. Lundbgårdh (1946) found a 
uniform clongation of the root hairs of young wheat plants for 1—2 
hours. 

In the experiments made in ordc^r to ascertain the effect of chlorate 
and other salts on the root hair elongation the rate of growth in Ä-so- 
lution has ser ved as a basis of comparison. Some experiments have 
beeii earried out to determine the growth in this solution and its 
variation. In these eases the normal root hair growth of 1—6-day- 
old plants was studied for 2—4 hours. From the results given in 
table 4 the growth rate of different experiments is seen to vary with- 
in fairly narrow limits. From the 36 experiments described in the 
following an average value of the root hair growth in Ä-solution has 
been eahmlated. During the first period (0—30 min.) the mean rate 
was 87 + 1.4 [i/hour and during the second period (30—60 min.) 
89 ± 1.6 (x/hour. 

As a eomparison it rnay be mentioned that Jeffs (1925) found 
root hairs of radish plants to grow at the rate of 160 (x/hour, and hairs 
of eorn plants grew at the rate of 140 jx/hour. Faiui (1927 I) studied 
the elongation of root hairs of Georgia collards (a variety of Bras- 
siea öler area) eultured in a flowing solution free from carbon dioxide 
and found that the growth, whieh varied with the salt eontent of the 
Solutions, was mostly between 50 to 100 |x/hour. For the same ma¬ 
terial as is used in the present experiments Lundegåbdii (1946) de- 
termined the root hair elongation in distilled water to be 30—50 
(x/hour. 

Jmmediately af ter the root hair initiation the elongation was rather 
low. After 1—2 hours the young hairs had only reaehed a length of 
30—50 [X, but then they grew at an optimal rate and this rate 
was kept for the greater part of the growth period. This is ob- 
vious from experiment no. 19, where the elongation was studied on 
hairs that were 50—800 fx at the beginning of the measurements. 
The growth curves of some hairs observed are plotted in fig. 2. Dur¬ 
ing the first two hours the growth was determined in an /^-solution 
with 25 mJlf sodium chloride and during the following 4.5 hours in 
a solution with 25 mM sodium chlorate. The shortest root hair (ini¬ 
tial length 49 fx) had during the first two hours a growth rate of 101 
(x/hour and during the same time the longest hair (initial length 805 (x) 
grew at the rate of 94 jx/hour. The mean for this period was 96 
fx/hour. The growth in the chlorate solution differs only little from 
that in the chloride one. During the last measurement period the 
shortest hair (665 fx at the end) grew 93 (x/hour and the longest one 
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Table 4. The groicth of root hairs from plants of varying age, 

Exporiments nos. 1—12. 

Plant ago 1—6 days. /S'-solution. 

Avorago values in ji/hour, and the relation glo, see p. 115. 


Plant ago in days 
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(1,360 (JL at the end) grew 77 [x/hour. Eoot hairs initiated and devel- 
oped in the chlorate solution elongated at the rate of 83—97 (x/hour. 

The experiment shows that 1,200—1,300 |x long root hairs have 
grown about 80 (x/hour at the same time as 150—200 jx long hairs 
elongated 90 |x/bour. As a conclusion it may be stated that the 
growth rate remains constant during the greatest part of the growth 
period. 
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The full-grown root hairs of the plants used were between 1.5 and 
2.0 mm long. At the growth rate of 90 [x/hour, on an average, the 
grand period of growth should be finished in about 20 hours. The 
young hairs, however, do not grow at an optimal rate until 1—2 
iiours have passed after the initial formation, whieh agrees with the 
observations made by Jefps (1922, 1925) on root hairs from pop 
(*orn and white mustard. He further established that when the root 
hairs were maturing their growth decreased very quickly, and that 
it ceased about 2 hours after the first retardatiou in growth was 
notieeable. Thus, it may be assumed that the root hairs of the young 
wheat plants used grow to a full length in about 20—24 hours. This 
agrees with Biirström’s observations (1939 b j). 275). He found that 
tlie hairs grew to a length of about 1.5 mm in less than 24 hours. 

For the observations normally growing root hairs were always 
selected. With some praetiee it is easy to see if a root hair grows at 
a normal rate or not. Rapidly growing hairs have a conical tip with 
a thin wall, and an intensive protoplasmic streaining may be notieed 
along the walls of the hair. Slowly growing hairs often have a more 
hemispherieal tip which swells out and becornes more or less globu- 
lar as the growth (leases. If the root hair resumes its growth this 
place is marked by a small distension. The root hairs that did not 
sliow a normal growth during the firSt two periods (60 min. in S-so- 
lution) were exelud(ui from further observations. The following fig- 
iires give an id(‘.a of how often this oeeurred. In 35 experiments 
475 root hairs were observed from the beginning. Out of tliese 23 
h}ive shown »abnormal» growth and were eonsequently excluded at 
the measurements. From these hairs 14 have grown at a slow rate, 
7 have ceased to grow during the observations and 2 were plasmo- 
ptys(»d. The root hairs selected in this way have very seldom grown 
»abnormally». This is clearly shown by the 12 experiments given in 
table 4. In these 143 root hairs were selected and, during the obser¬ 
vation hours, oiily 3 ceased to grow. 

When a root hair ceases to grow it very often swells in the tip. 
This seems to be a general phenomenon as the same thing has been 
observed even earlier by ScnwARZ (1883 p. 181: Biscutella^ Sinapisy 
and other plants), Zacharias (1891 p. 483: Chara, Lepidium), Stiehr 
(1903: Phleum)j Jeffs (1925 p. 600: Zea, Sinapis), Farr (1928 VI 
p. 171: Brassica) and Lundegårph (1946: Triticum). The causes 
of this reaction are as yet unknown, but are certainly connected 
with the meclianism of the wall growth, and are thus of great inter- 
est. LunbegIrdh has assumed (p. 8) that the formation of wall 
substances does not necessarily take place in the plasmatic mem- 
brane of the growing tip but can occur in the plasm in other parts 
of the cell and then be transported to the elongating waU by the pro¬ 
toplasmic streaming. Under the circumstances the processes caus- 
ing the formation and transport of the wall substances may be in 
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Table 5. The grotvth of root hairs in nutrient solution. 
Experiment no. 13. 

Measurements I — 4. VI. 10*® a. m.—4*® p. m. (6 houra). 

» Il — 5. VI. 8*® a. m.—11*® a, m. (3 hours). 

Average values in |i/hour, and the relation glo, soo p. 115. 


I ' 11 

!i 


time min. 

growth 1 
|i/honr j 

glo 

time mm. 

growth ! 
}i/hour 1 

glo 

0 30 

30- «0 

78 ! 

79 1 

8.8 ' 

8 8 ' 

0 - 60 

' 

57 , 

6.6 

I 60- 90 

' 90-120 

87 ' 

80 

8 8 i 
8 8 

60 120 

58 

6 6 

120 180 
' 180-240 

! 77 

! 75 ! 

8 8 , 

8 8 ' 

120-180 

57 

6 (> 1 

' 240-300 

1 69 

8 8 ! 





fluenecd by changes in the culture Solutions in another way than the 
meclianism of the eell wall elongation in the tip. If the growth ceases 
after sorne disturbanee it is probable tliat the forniation of wall siib- 
stances continues and osmotie matter aecumulates in the eell. This 
will result in an increase of the osrnotie pressure in the eell and an 
extension of the tip wall, whieh is the part of the eell wall that shows 
the highest tensibility. In this way it is possible to explain the ob- 
served swelling of the root hair tip. 

4. The growth of root hairs in nutrient solution 
with chlorate. 

Only a few experiments with chlorate treatment of plants in water 
culture have been carried out (Yamasaki 1931 a, b; Hessenland et 
al. 1933; ('OOK 1937; Crafts 1939; IIurd-Karrer 1941 a). In these 
investigations hardly any information is given about the effect of 
chlorate on roots and root hairs. Some data are, liowever, to be 
found in Stieiir^s (1903) studies of the effect of salt Solutions on 
root hairs. These also comprised the action of chlorate, p€»Tchlorate 
and other salts, which are to be found as impurities in fertilizers, 
upon plants of tirnothy grass and rye grown in nutrient solution. In 
a 1.2 % potassium chlorate solution (ca. 100 mM) the root tips became 
untransparent after about five hours. Stiehe also observed that 
some root hairs grew again after two hours, and after 24 hours’ treat¬ 
ment many hairs still showed protoplasmic streaming. 

In experiments nos. 14—21 Å^-solutions with additions of sodium 
chlorate of the following concentrations have been used: 0.5, 1, 5 
and 25 mM, 
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Table 6. The growth of root hairs in nutrient solution with chlorate. 

Experiments nos. 14—19. 

0—00 minutos : ^S'*solution. 

00— minutes: »S*-8olution with sodium chlorate in different concentrations. 

Average values in p/hour, and the relation gjoy see p. 115. 

At the end of tho measurements tho root hairs showed a normal and intensive 
protoplasmic streaming. 
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Pretreatment for 24 hours in nutrient solution with 6 milf NaCl. 
Pretreatment for 24 hours in nutrient solution with 25 tuM NaCl. 
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Fig. 1. The growth of root hairs in #S-solution with 5 mM sodium chlorate. Ex¬ 
periment no. K), tablos 1 and 6. 

The mean values of the root liair ^?rowth in the chlorate solutiona 
are given in tables 6 and 7. More detailed information is to be found 
in table 1, and figures 1 and 2. 

The results evidently show that an addition of chlorate to the ä- 
solution had no great or immediate effect on the root hairs. Af ter 
24 hours’ chlorate treatment, however, the root liairs grew at a 
lowered rate, bnt yet they had a normal appearance with an active 
protoplasmic streaming. The values in table 6 prove that even high 
eoncentrations of sodium chlorate caused only a slight retardation 
of the root hair growth. There was no great difference in the chlo¬ 
rate effect between experiments with the low eoncentrations and 
those with the high chlorate amounts, and the observed variation 
was probably due to differences in the plant material. During the 
first two hours of the chlorate treatment some hairs ceased to grow 
and during the next two hours still some. Four hours after the ad- 
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dition of ehlorate at most 25 % of the observed luiirs had ceased to 
grow, and tlie ^yrowth rate of Ihe hairs still elongating* was reduced 
by 10—40 %. Af ter 5 hours’ treatmeiit the hairs, even those not 
^rowin] 2 : any inore, showed a normal protoplasmic streamin^. 

After the root hairs had eeased to grow they reacted with a swell- 
in^ of the tip in the same w ay as is deseribed on pagel21 for root 
hairs in ^'-soliition. 

In ord(T to ^^ive a more detailed pieture of the effe(*t of ehlorate 
on root hairs the ^rowth eiirves of some hairs have beeii plotted in 
fijjures 1 and 2. The values have been taken from experiments 10 
and 19. From tlu^ fijrures the followin^* data appear. 

Some root hairs have ^?rown in the ehlorate soliition at an almost, 
eonstant rate for at least 1 hours (fi^r. 1: no. 2; fi^^ 2: nos. 2, 7,11,14). 
The values in table 1 show that the first of these hairs has j 2 :rown at- 
the mean rate of 100 (i/hour in Äf-solution (75 min.), and in the ehlo¬ 
rate solution at 97 [x/hour (210 rnin.). Biiring the last measurement. 
period (270—300 min.) the .li^rowth rate of this hair was 88 (x/hour. 
(Ither root hairs eeased, after the addition of ehlorate, to j^row for 
some time and then began to ^rrow ajifain (fi^»‘. 1: no. 0; fi^. 2: nos. 6, 
10). The elongation was then somewiiat rediieed but eould also be- 
(*ome quite normal. In rare eases, finally, th(‘ root hairs eeased to 
^jjrow alto^^ether (fi|^^ 1: no. 7; fijr. 2: no. 8). In one ease plasmoptysis 
of a root hair was observed (table 1: no. 3), but it is uneertain if this 
was an effect of ehlorate. The root hair later on grew' a^ain and, as 
is nnuitioned before, at an almost normal rate (plate 1, fig. C). 

The chan^(»s in the root hair f^rowth, ayqiearinfx after the addition 
of ehlorate, were of the same type as those whidi may now and then 
oecur in an ^-solution, but were more frequeiit (25 and 5 resp.). 

In fi^. 1 the growth eurves of three hairs, initiated and d(weloped 
in the ehloratsolution, have also been xdotted (nos. 10—12; not ^iven 
in table 1). The eurves clearly show that these youn^j: hairs have 
elon^^ated at a normal rate. in all ehlorate Solutions tested, even in 
the stron^est ones (25 mil/), new root hairs were initiated to the 
same extent as in A'-solution. At least the hairs whieh developed 
during the first few^ hours of the treatment showed a quite normal 
^^rowth rate. After 24 hours’ ehlorate treatment (1—0.5 mM) new 
root hairs were still formed, but they did not elon^^ate so rapidly as 
usual. 

Fii?. 2, with values from experiment 19 (table 6), shows that lon^ 
root hairs reaet upon ehlorate in the same way as short hairs. The 
plant material was at first kept for 24 hours in a nutrient solution 
with 25 mM sodium ehloride, and the root hair ^jrowth in Ä^-solution, 
with the same coneentration of sodium ehloride, was determined 
durin«^ the first two hours of the experiment. The addition of so¬ 
dium ehloride to the nutrient solution had no effect on the elonj^a- 
tion of the root hairs. At first 14 hairs were observed and in the chlo- 
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Table 7. The growth of root hairs in nutrient solution with chlorate. 

Experiment no. 20. 

>S’-solution with 1 mi\f sodium chlorate. 

Meaaiirements T: 16. V. 2®* p. m.—10®® p. m. (8 hours). 

» JT : 17. V. 0®® a. m.—12*® p. m. (3 hours). 

Experiment no. 21. 

N-solution with O.T) m.M sodium chlorate. 

Pretreatment: 20.111. 3*® p. m.—21.111. 12°® a. m. (20 hours 15 min.) in 
nutrient solution with 0.5 mM sodium chlorate. 

Measuroments; 21. III. 12®® a. m.—4^® p. m. (4 hours 10 min.) 


Accragcj values m p/hour, and the i^elation ^/o, see p. 115. 
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rate sohition only one (no. 8) ceased to grow and two showed an ir- 
regular elongation. On an average the growth rate was 103 jx/hour 
in the chloride solntion and 92 [x/hour in the chlorate solution (240 
min.). 

In experiments 20 and 21 the effect of chlorate was observed for 
a rather long time and the following results were obtained (table 7). 
In the first case (experiment 20) the chlorate coneentration was 1 
niJf. On the first day the elongation of 8 root hairs was studied be- 
tween 2^® p. m. and 10-® p. rn. (475 min.). The growth was at first 
somewhat slower than normal and then diminished during the ob¬ 
servations so that the hairs had only a growth rate of 56 (x/hour dur¬ 
ing the last measurement x)eriod (430—475 min.). The ratlier low 
initial growth was probably due to the faet that the planta was placed 
direct in the chlorate sohition. After the transferen(*.e. of the plant 
to the observation chamber the growth was probably not so easily 
stabilized in a chlorate solution as in an Ä-solution. Tlu» root hairs 
have, in any case, grown in the chlorate solution for almost 8 hoiirs 
and at tlu^ end of the mea-sureinents at a rate which was only 25 % 
lower tlian the initial value. 

The plant was then kept in the observation diamber with flowing 
chlorate solution overnight. The next day, during the period 9^^ 
a. m.—12^® p. m., the growth of 10 new root hairs was determined. 
Their initial leiigth varied between 230 and 460 [x and they were in- 
itiated and developed in the (»hlorate solution. All root hairs had a 
normal appearance and, as is shown in table 7, the same growth rate 
as hairs from a root kept in streaniing AV-solutiou for 24 hours (ex¬ 
periment 13, table 5). The lowering of the elongation rate was pro¬ 
bably due to the keeping of the root in the chamber for sueh a long 
time. 

In experiment 21 the plants were placed in the chlorate solution 
(0.5 mif) in the culture tubes for about 20 hours (from 3^® j). m. on 
March 20 to 10^® a. m. on Mareh 21). Then a plant was transferred 
to the observation chamber with the same chlorate solution. In 
consequence of that the growth of all the root hairs (i(‘.ased and it 
was long before the hairs began to grow again. At 12 o’clock the 
measurements were started with the observation of 6 root hairs, but 
only one of them grew — at a rather high rate, however. Three new 
hairs were observed after 75 minutes and later on another four. The 
growth of these was almost normal (table 7). It should be noted that 
the hairs observed at the beginning of the measurements were short, 
50—100 (X. It was the first part of the growth period of the hairs that 
was studied. The chlorate has apparently made the root hairs more 
sensitive to the disturbances accompanying the transference of the 
root to the observation chamber, but does not impede their initia- 
tion and elongation. 
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5 . The growth of roots in nutrient solution with chlorate. 

Stiehr (1903) already observed that the roots of timothy grass 
and rye grown in water Solutions were evidently injuriously affected 
by (‘hlorate, while the root hairs were apparently undisturbed. 
Aberg (1947 p. 42) found that the root growth in Solutions with 66.6 
ing sodiuin chlorate per litre (ca. 0.6 niJfef) was very slight, while, in the 
preceding chapter, it was shown that root hairs grow in a 25 mJf 
clilorate solution for at least four hours, and in 1 mM chlorate for at 
Icast 24 hours. 

Tlius, it seems that, at least in water cultures, the roots are more 
sensitive to chlorate than the root hairs. 

In his work Åberg (1947) described the gross features of the root 
injuries oceurring in chlorate Solutions. Some further experiments 
wer(‘ earried out by the present author in order to investigate more 
closeh the formation of root injuries and the diffenmces in the chlo¬ 
rate effeet on roots and root hairs. 

The (»xiieriments have been made in the following manner. At 
tlie start 4-day-old plants were transferred to new culture tubes con- 
taining a nutrient solution with chlorate (N 4 NaClOa) or without 
chlorate (!N). At the transference the roots were slightly shaken, 
wliich made the root hairs cease to grow. When the roots then con- 
tinued to grow new root hairs developed on a zone which was dis- 
tinctly delimited from the old root hair zone (Bq on plate II). In or- 
d(»r to determine the growth of roots and root hairs the following 
ineasurements were made (see plate II). At first the distance be- 
tween the root tip and the youngest root hairs, i. e. the zone free 
from root hairs, Aq—Bq, was determined. At the end of the experi- 
m(*iit the following distances were measured; Aj—B^ == the distance 
b(»tween the root tip and the beginning of the »old» root hair zone; 
Aj—Bl = the distance between the root tip and the beginning of the 
lunv root hair zone; Aj— S ~ the distance between the root tip and 
tlu* injury. The root growth during the experiments is denoted as 
A„—Aj. A comparison of the distances Aj—B^ and Aq — Bq will show 
if the relation between the rates of root growth and root hair initia- 
tion have been altered, or not. 

Experiment 22. Measurements were earried out with 1 mJlf so- 
<lium chlorate and 6—24 hours’ treatment, 0.25 mM chlorate and 
8 —23 1/2 hours’ treatment, and 0.1 mM chlorate and 20—40 hours’ 
treatment. The plants were placed in the control chambers, 15 — 20 
roots were measured eaeh time, and the following results have been 
obtained (table 8). 

The root growth in nutrient solution was 0.5 — 0.8 mm/hour, which 
lies within the variation limits of the normal growth. 

In 1 mM sodium chlorate visible root injuries appeared already 

9 —47490 Lanlhrukshogakolans Annaler Vol. 15 
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Table 8. The growth of roots and root hairs in nutrient solution 
with and wiihout Morate, 

Experiment no. 22. 

Plants three or four day« old. 

N-hNaCIO 3 == nutrient Bolution with sodium ehlorate. 

N — nutrient solution. 

Average values from 15—20 roots. 

Calculation method givon on p. 129. See also plate 11. 


Time 

hours 

(Jrowth of roots, inrn 
Aq Al 

N N+NaClOa 

, Distance between root| 
tip and root hair zone 
mm 

N iN+NaClOa 

Number 
of injured 
roots ! 

Distance be- 
twoen root 
tip and injury 
mm 
Ai-iS 


1 mM 

NaClOs . 





6 

4.9 

4.7 

.5.6 

5.2 


- 

() 

5.3 

4.8 

6.0 

5.9 

45 1 

1.6 

8 

4.3 

4.2 

5.0 

4.9 

70 1 

1.3 

8 

7.9 

6.7 

5.9 

5.0 

95 

1.4 

i 10 

5.0 

5.0 

5.4 

5.6 

100 

1.6 

i 10 

10.9 

7.8 

5.7 

5.0 

100 i 

1.4 

14 

11.5 

7.0 

5.4 

3.1 

100 j 

' 1.6 

20 

9.0 

.■>..5 

4.5 

2.3 

100 ' 

1.6 

24 

11.0 

().2 

4.5 


lOO 

1.6 


0.25 mM NaClOs . 





8 

3.8 

4.2 

5.3 

5.4 

0 

- 

13 

9.6 

9.5 

5.2 

5.3 

< 5 'i 

1.3 

16 1/2 

11.5 

9.5 

4.9 

6.4 

30 

- 

23 1 2 

14.1 

— 

5.2 

- 

95 

1.8 


0.1 mM NaCIOs. 





20 

11.3 

11.0 

4.9 

4.7 

0 


24 

10.2 

10.7 

5.5 

5.4 

0 

„ 

30 

14.5 

15.8 

5.7 

1 5.3 

0 ’ 


40 

26.2 

22.9 

4.8 

! 4.7 

30 

- 


after 6 hours, and after 10 hours almost all roots were injured. The 
first sign of injury was a darkening of the cells about 1.5 mm from 
the root tip. This symptom was also observed by Stiehe (1903). 
Before the appearance of the root injuries the differences in root 
growth for control and ehlorate plants were small and insignificant. 
During this time no difference was to be found in the lengths of the 
zones free from root hairs (A^—^B,) either, and the initiation of the 
root hairs has thus obviously oceurred simultaneously in both cases. 
After ten hours^ treatment an obvious retardation of the root growtli 
in the ehlorate solution could be observed, and the distance Ai—Bj 
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was considerably lowered as compared with the control values. This 
was a consequence of the fact that new root hairs continued to de- 
velop even after the root tips had ceased to grow. 

In the chlorate Solutions roots with obvious injuries and a root 
hair zone extending to the upper limit of the injury have been formed 
(plate III). The initiation and growth of the root hairs have conse- 
quently been independent of the root growth. This is a general phe- 
nomenon for roots which have ceased to grow for some reason or 
other, in which case the hairs next to the tip often reach a supernor- 
inal length. 

In experiments with weak chlorate Solutions similar results were 
obtained as with 1 mM chlorate, but the injuries and the retarda- 
tion of the root growth occurred somewhat later. 

The distance betwcen the root tip and the injury (Aj—S) has in 
all experiments been very constant, 1.5—1.8 mm, and the injury has 
(‘omprised only a small part of the tissue. After the root had become 
injured the root growth ceased immediately. The injured tissue 
mostly consisted of the apical part of the elongating region and also 
inciuded a small part of the meristem. For the sake of comparison 
it may be mentioned that Bifbström (1942 a table 1 p. 5) found that 
the elongating region of wheat roots began 1.5 mm from the tip and 
that it had a length of about 1.5 mm. 

It may be noted that only the cells in this small part of the elon¬ 
gating region have shown visible effects of the chlorate treatment-. 
()n an intact root it is, of course, difficult to observe changes in the 
cells of the interiör parts. The epidermis cells close above the injury, 
Iiowever, have shown a completely normal appearance and have also 
been able to form root hairs (plate III, figs. C and D). The symbols 
in the following description of the injury ref er to fig. A on plate XI, 
where a is the injured, h the adjoining basal and c the apical cells. 
Tlie injured cells (a) were small and cubical and have apparently 
iiot elongated to any great extent after the last cell division. The 
cells of part b had a quite normal length and must have completed 
their elongation after the a-cells were injured. 

Through the growth of the 5-cells this part of the root has thick- 
cned normally. As will later on be mentioned the root often resumed 
its growth after the injury and the cells of part c developed to a nor¬ 
mal thickness. The injury then appeared as a saddle-shaped con- 
traction on the root (see plate III). 

The apical part of the meristem cells of some roots was apparently 
not severely injured, and after 20—30 hours they began to grow 
again. The new root part often elongated at an angle to the previous 
root axis and, tlius, the bendings mentioned by Åbeeg (p. 42) were 
formed. The new root part sometimes had an almost normal appear¬ 
ance, but in the strong chlorate Solutions it mostly consisted of 
more or less deformed cells. In the former case root hairs have been 
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Table 9. Number of root injuries after different time of chlorate 

treatment. 

Experiment no. 23. 

Four-day-old plants placed in niitrient solution with 1 mM sodiuin ehlorate 
Eight roots obaerved every day. 


I Number of roots with different mimber of injuries 


days 1 

0 

1 

2 

3 4 

1 ; 

1 

7 



2 ' 

() ' 

7 

1 


3 

0 

4 

4 


4 , 

0 

2 

5 

1 

7 i 

e i 

1 

3 

2 2 


formed, but not so many and not so lon^ as on the normal j^art of the 
root. On slightly injured i)arts root hairs were d(‘veloped only ir- 
regularly, and more deformed parts laeked hairs. 

After some time the newly formed root part eeased to grow and a 
new injury (Sg) of the same appearance as the first (Bj) was formed 
(plate III, fig. E). Later on the root began to grow aj(ain and, thus, 
a root with two injuries and sometiines two bendings oeeurred. This 
course may be repeated so that roots with up to four injuries are ob- 
served. 

Experiment 23. In order to study the suecessive formation of root 
injuries during a rather long chlorate treatment the number of inju¬ 
ries per root was determincd every day in the following experiment. 
The conditions were as follows: 6-day-old plants were plaeed in the 
control charnbers in a nutrient solution with 100 mg sodium chlorate 
per litre (ca. 1 mM), and every day eight roots were observed. The 
values are given in table 9. After 24 hours’ treatment seven roots 
out of eight were injured. From some other experiments it may be 
concluded that, after 24 hours’ treatment with ^ mM ehlorate, all 
roots have usually been injured. After 72 hours half of the roots liad 
two injuries and after 168 hours half of the roots liad tliree or four 
injuries. From the results it appeared that the time needed for the 
meristem to overcome the chlorate effeet and to begin to grow again 
varied greatly for different roots. One root did not grow at all aifter 
the first injury, while two had four injuries. 


6. The absorption of chlorate. 

For the interpretation of the observations of the ehlorate effeet 
on roots and root hairs it is important to know to what extent and 
at what rate chlorate is absorbed by the roots. Only a few quanti- 
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tative data are available about the chlorate intake of plants. Offord 
& d’Uiibal (1931) made some experiments with the alga Nitella 
(jrown in nutrient solution with chlorate. They found that the chlo¬ 
rate was very slowly absorbed. The cell sap from algae oultured for 
48 hoiirs in a solution with 100 mJf sodiuin chlorate held no more 
tbari 0.07 mg sodium chlorate per millilitre. Thus, the cell sap had a 
chlorate concentration of about 0.7 mM. In two days the chlorate 
conceiitration of the cells had not increased to more than a hundredth 
of the concentration of the external solution. 

CooK (1937) determined the amount of chlorate absorbed by 
plants of »Maquis wheat» grown in nutrient solution at sublethal do¬ 
sages of chlorate. He found that the amount of chlorate absorbed 
increased with the dosages, but on a percentage basis less was ab¬ 
sorbed from the more concentrated Solutions. Besides, he deter- 
iiiined the total amount of water transpired during the observation 
period and used these values and the values of the amount. of chlo¬ 
rate absorbed in order to (‘ahmlate the average chlorate content of 
the solution absorbed by the plants. The concentrations, calcu- 
lated in this way, were only one tenth of those present in the culture 
Solutions. The plants, however, w^ere grown in the chlorate Solu¬ 
tions as long as 21 days before the detenninations wen? carried out 
and the average value cannot give any reliable information as to the 
relation between chlorate and water absorption during the first few 
days. It may also be mentioned that Crafts (1939 p. 668 ) analysed 
the xylem exudate sampled for 48 hours from plants of Hubbard 
squash grown in culture Solutions with 100 p. p. m. chlorate and 
found that chlorate could be concentrated in the xylem sap to many 
times the concentration of the external nutrient solution, but no 
quantitative data are given. Crafts suggests that the i)lants absorb 
chlorate against a concentration gradient and accuniulate it to their 
own detrirnent. 

ÅBERG (1947 p. 48) found that wheat plants, placed in a ca. 5 niM 
chlorate solution and after 20 min. rinsed and replaced in nutrient 
solution without chlorate, after a few days showed apparent chlo¬ 
rate injuries on the roots. The quantitative experiments made by 
Åberg show that chlorate was successively absorbed and concen¬ 
trated in the plants each day in a week. 

It was therefore of great interest to study at what rate chlorate 
was absorbed by young wheat plants during the first few hours of 
the treatment. Consequently the following experiments were made. 

Experiment 24, Six-day-old plants were transferred to a nutrient 
solution with 100 mg sodium chlorate per litre and placed in the con- 
trol chamber. The chlorate content of the whole plants was deter¬ 
mined each day in a week. The values given in fig. 3 show that the 
results are similar to those found by Åberg (1947, exp. IV). They 
are, however, mentioned because the observations of root injuries 
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Fig. 3. Absorptiori of ehlorate for a week. Young wheat plants in mitrient solu- 
tion with 100 mg sodium ehlorate per litre. Kxperiment no. 24, p. 133. 

Table 10. The absorptiori of ehlorate by young wheat plants. 

Experiment no. 25. 

Plants five days old. 

Nutrient solution with 5 n\M Hodiuin ehlorate. 

Amount of ehlorate in the roots detormined. 


Time 

hours 

Number 
of plants 

Frosh 
weight of 
the roots 

g 

Na(303 per g 
frosh weight of 
the roots 

mg \\,M 

Amount 
ot water 
in the roots 

% 

ehlorate 
eoncentra- 
tion in the 
roots 

|mM N»C10a/l 

3 

, 70 

2.82 

0.51 


I 

1 

3 

70 

2.69 

0.45 

1 


' 

3 

70 

2.76 

0.48 

! 



3 

70 

2.69 

0.47 

' 

1 


Average 



0.48 

4.5 

1 

i 94 

4.8 

6 

60 

2.21 

0.61 

i 


i 

0 

1 56 

2.20 

0.60 

1 



0 

70 

2.65 

0.62 


i 

; 

6 

! 

3.01 

0.66 


! 

1 

i 

Average 

' 


0.62 

5.9 

1 94 

! 6.2 

1 

12 

j 50 

2.00 

0.79 



i 

12 

50 

2.80 

0.78 



i 

12 

' 50 

2.53 

0.78 



i 

12 

, 56 

2.45 

0.82 


' 

1 


Average 


0.79 


7.6 


94 


7.9 
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Ki^. 4. Absorption of chlorate for 3, 6 or 12 hours. Nutrient solution with 5 m.M 
Hodiuin chlorate. Experiment no. 25, table 10. 

on page 132 are made parallelly with the chlorate analyses. 
After one day root injuries could be observed and two days later ap- 
])arerit shoot injuries were to be seen. In spite of the injuries chlo¬ 
rate was absorbed to an appreciable amount. 

Experiment 25, Five-day-old plants were transferred to a nutri- 
eut solution with 5 mM sodium chlorate and iilaced in darkness in 
a ternperature cabinet at 20° C. After three, six and twelve hours 
the amount of chlorate in the roots was deterinined as well as the 
fresli weight of the roots and their content of water. Four parallel 
analyses were made and the results are reeorded in table 10 and plot- 
ted in fig. 4. The absorption of chlorate was very rapid. After three 
hours the chlorate concentration in the roots was almost the same as 
that of the external solution. In roots placed in the chlorate solu¬ 
tion for six or twelve hours the chlorate was accumulated to a con¬ 
centration higher than that of the nutrient solution. 

Experiment 26, Mne-day-old plants with well developed roots 
were used. In this case, too, the plants were treated in darkness and 




136 


Ivar Ekdahl 


Table 11. The absorption of chlorate by young wheat plants. 

Experiment no. 26. 

Plants nino days old. 

Nutrieiit Bolution with 10 mM Bodium chlorate. 

Amount of chlorate in the whole plants deterrnined. 


_ 

Time, hours 

Mg NaClOs por 
56 plants 

Fresh weight 
of 56 plants 

0 

0 

19.3 

1 4 

0.68 

19.3 

1 2 

1.66 

20.6 1 

1 

2.39 

20.2 ; 

2 

3.07 

19.0 

3 ! 

4.16 

19.9 

4 

4.78 

19.2 

T) 

5.89 

19.3 

0 

0 

20 . i : 


at 20® C. The nutrient solution contained 10 mM sodiuin chlorate 
and the treatment periods were 1 /4 to 5 liours. Tlie chlorate content 
of the whole plants was deterrnined. The analyses j^ave the follow- 
ing resulta (table 11 and fi^. 5). Even in the experiment with only 
1/4 hour’s treatment chlorate absorption could be found. The roots 
of the control plants were immerscd in the chlorate solution, inime- 
diately rinsed, and analysed in the same way as the other plants. 



Fig. 5. Absorption of chlorate for 1/4 to 6 hours. Nutrient solution with 10 mM 
sodium chlorate. Experiment no. 26, table 11. 
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During the first hour the chlorate absorption was very rapid and 
diiring the following hours a little slower. After 5 hours’ treatment 
56 plants had absorbed approximately 6 mg chlorate. The fresh 
weight of the plants was about 20 g and, supposing that the water 
(‘ontent of the plants was ca. 90 per cent, the chlorate concentration 
in the plants would be about 3 mJf, i. e. one third of the concentra¬ 
tion in the external solution. It is, however, improbable that the 
chlorate was evenly distributed throughout the plant and its con- 
ceiitration rnay have been considerably higher than 3 mM in soine 
special parts, e. g. the roots, the root hairs and the xylem. 

The experiments have shown that young wheat plants very rap- 
idly absorb chlorate from a nutrient solution. In the previous 
experiments the chlorate concentration in the root hairs has cer- 
tainly very soon beeome the same as, or higher than, that in the 
treatment solution. Experiments 25 and 26 were carried out in dark- 
ness and the plants showed guttation. This demonstrated that the 
a(*.tive absorption of water has been higher than the transpiration. 
Thus, it may be supposed that the chlorate does not at first influence 
the active cell proeesses perforrning the absorption of salt ions and 
water. 

It is interesting to compare the rate of chlorate absorption with 
the vallies given by Burström (1939 b) on the nitrate accumulation 
in young wheat plants cultured in nutrient solution. Prom table 10 
it is scen that, after treatment with a 5 mJlf chlorate solution for 
twelvc hours, the roots contained 7.5 micromoles of chlorate per g 
fresh material (7.5 [lM CIO 3 /I g/12 hours). Burström mentions in 
his table no. 2 (p. 251) that the absorption by 15 plants was 20.7 
micromoles nitrate after 24 hours’ treatment with 2 mM potassium 
nitrate, and 32.7 micromoles after 48 hours (15.2 [iM NO 3 /I g/24 
hours; 25.5 fiM NO 3 /I g/48 hours; 15 plants = 1.28 g, table 1). Of 
course, the rate of salt absorption varies greatly with the experimen¬ 
tal conditions, and the values given here and by Burström cannot 
be compared in detail. The rate of chlorate and nitrate absorption 
seems to be of the same magnitude, however. The same thing also 
appears from preliminary experiments carried out by the present 
author. 


7. Guttation in plants treated with chlorate, 
chlorite and hypochlorite. 

The light in the control chambers is put out at 9 a. m. and then 
the temperature falls about five degrees. The young wheat plants 
begin, about one hour later, to guttate and then go on guttating all 
day until the next light period begins at 6 p. m. During the light 
period the transpiration is high and no guttation is to be seen. The 
plants guttate even if they are placed in darkness at 20 ° C. 
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In an experiment (no. 27) with chlorate-treated plants (0.5—25 
mM) it was found that the plants guttated normally even in the 
strong Solutions. Only in Solutions with 25 mM ehlorate the gutta- 
tion was somewhat lowered and in some plants it did not continue 
all day. The same was also the case for plants treated with 25 mM 
sodium chloride and, therefore, an osmotic effect may be the cause. 
In a nutrient solution with 1 mM ehlorate the plants guttated even 
on the second day, i. e. after more than 24 hours^ treatment, but then 
less and more irregularly than usual. In his experiments Abeeg 
( 1947 p. 42) made similar observations. In a solution with 66.6 mg 
sodium ehlorate per litre (about 0.6 mM) the plants guttated even 
after 48 hours’ treatment. 

For plants treated with ehlorite or hypoehlorite (10-100 y.M) no 
guttation was observed during the first day (10 a. m.—5 p. m.), but 
on the second day it reappeared. Simultaneously it was noticed that 
the roots began to grow again and then new root hairs developed. 
This was a consequenec of the faet that the salts, which are very un- 
stable, had reaeted with organie. matter in the roots and, thus, were 
decomposed and consurned. The growth conditions of the roots and 
root hairs in ehlorite and hypoehlorite will be more thoroughly de- 
seribed later on. 

ehlorite and hypoehlorite can be quantitatively determined by 
iodometric titration. In order to eontrol the stability of the Solu¬ 
tions the following experiment (no. 28) was made. Solutions with 10 
\iM sodium hypoehlorite and 10 [lM sodium ehlorite were partly 
placed in a refrigerator (A) and partly used as a eulture solution (B) 
for 5-day-old plants. After 24 hours new Solutions (C) of the same 
eoncentration were made. The amount of hypoehlorite and ehlorite 
in the Solutions was then determined. In the eulture Solutions (B) 
the roots resumed their growth after the initial injury and no ehlo¬ 
rite or hypoehlorite eould be deteeted. The Solutions kept in the 
refrigerator (A) proved to have a somewhat lower eoncentration than 
the newly made solution (O). Apparently the new growth of the 
roots has taken place after the decomposition of the ehlorite or the 
hypoehlorite. 

Summarizing, it may be said that the plants are ablc to guttate 
even in very strong ehlorate Solutions (25 mM), while ehlorite and 
hypoehlorite Solutions immediately inhibit this process. This faet 
indicates that the intake of water and salts has not been strongly 
influeneed by the ehlorate, at least not during the first 24 hours of 
the treatment. It has also been shown, here and by Åbeeg, that the 
plants easily absorb ehlorate and transfer it up to the leaves, and 
this corroborates the conclusion that ehlorate does not directly in- 
fluence the active absorption processes. The ehlorite and hypochlo- 
rite inhibition of the guttation, on the other hand, is due to the reac- 
tion of these compounds with the living plasm, which brings the vi¬ 
tal processes to a standstill. 
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8 . The growth of roots and root hairs in nutrient 
solution with hypochlorite. 

Ill some investigations hypochlorite was found to be effective 
as a herbicide (Latshaw & Zahnley 1927; Offoed 1931), but only 
the effect of spraying with Solutions has been studied. The effects 
of these Solutions are weaker and less permanent than those obtained 
by chlorate treatment. This is eertainly due to the fact that bypo- 
clilorites are unstable and rapidly react with organic matter. A 
strong, but local, injury is the result. Chlorate, on the other hand, 
can be translocated in the plants, from the leaves even down to the 
roots, without being deeomposed, and keeping its toxicity. The 
effect of chlorate is therefore slower but more general. 

Vamasaki (1929 a, b, 1931 a) tested a large number of varieties of 
rice, wheat, barley and other plants as to their susceptibility to 
( hlorate. The plants were grown in water Solutions and the toxic 
effe<*t of 1 “o potassium chlorate (82 mM) was determined only from 
uieasurements of the plant height and the occurrence of leaf injuries. 
Ill every species he found some varieties to be more resistant to the 
toxic effect of chlorate than others. Jn some other experiments 
Yamasaki (1931 b) also examined the toxic effect of sodium hypo¬ 
chlorite and other salts and found that tlu» plant varieties resistant 
to chlorate as well as those more sensitive were severely injured by 
a 2 % hypodilorite solution. At this high concentration (269 mM) 
tliere is, how^ever, nothing surprising in the fact that all plants are so 
greatly affeeted. 

From his results Yamasaki coneluded that the chlorate absorbed 
by tlu». plant might be redu(*ed in the cells to hypochlorite by some 
reducing substances, such as glucose or aldehydes, and that the 
])oisonous effect of chlorate was caused, not by the chlorate ions, but 
by the hypochlorite ions formed in the cells. The information given 
ill the English text is not very detailed, however, and there is no 
proof of the supposition that the substances mentioned may react 
(Urectly with chlorate at the pH-values prevailing in the living cells. 

From his investigations Åberg (1947) also coneluded that the 
effect of chlorate is not caused by the chlorate ion itself but by pro- 
ilucts formed by a reduetion of the salt in the plant cells. This 
reduetion is supposed to be possible, however, only in the presence 
of special catalytic mechanisms. 

Under the circumstances it was interesting to study the effects 
of weak hypochlorite Solutions upon the growth of the roots and root 
hairs. In the following experiments (nos. 29—32) Ä-solutions with 
1 and 10 [iM sodium hypochlorite were used. 

The results (table 12, figs. 6 and 7) show that even these small 
amounts of hypochlorite exert a strong poisonous effect on the root 
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Table 12. The growth of root hairs in nutrient solution wiih chlonte 
or hypoehlorite. 

Experiments nos. 29—32 and 35—38. 

0—00 minutes: /S'-8olution. 

60— minutes: Ä-solution with sodium chlorito or sodium hypoohlorite. 
Average values in |i/hour, and tho relation glo, see p. 115. 


The growth in difforont hypoohlorite 
Solutions 


Tho growth in different chlorite 
Solutions 


Time ^ 29 

mm. 

1 jiM 


Ii/h| glo 


30 

1 \iM 
'li/hj glo 


31 


32 


35 


10 \lM !j 10 \iM I 1 \iM 
|i/h| glo |[ii/hj glo f\ilh\ glo 


36 


37 


38 


1 \iM II 1 jiJli j| 10 jiiW 

|ji/h; glo |ifi/h g o ,;}i/h glo 



1 

1 

i ' 1 

i i !! i' 

16 16'81 

1 II 

1212'i88.10.1ol80 

ij i 'i i 

10.10.85il6.16'!94.ir> ir> 89' 8 8 

1 i '1 


82 


80 


60 


18; 18>| 


18:18; i 1 I 'Il ! .11 ; i 

93 16: 16 i86!l2:12i|86 10 10 183 16 16 i86;16 16.|93 15 15 91 I 8 8 


63 


120 159 


!62 


180 


56 


53 


240 i| - ' 

37 


18: 181. 


i 72 


65 


16:16 42,12.12 23 10:10,30 16:16'56|1616!|82 15 15 33 6 8 

1 ' 

il 85 15 15 0 0 8 


16 - 18 ! 


14- 16: 21 I 5: 1211 0 i 0 lol 56 9-16| I 

Il I !; i 'i .il ii 

64ll6:16ll 


,57 


13 ' 16 |43l 1: 12 j| 


14; 18': 


54 


14 - 18 II 


J!44 


12 : 18 


l42 


11 : 16 


10 : 16 I 


9 - 16 


: 77 i 9 :16' 


1 66 15 15 


0 121 : 


64 9: 16i 35115 10 


I 


>3,10:16 


37110:16 


38 


7: 16 


11:17 1 


>7 10: 161 14 i 4:16 

|! ' !■ i 


31 


ö 16 


300 - - 


1145 9:16 , 0 i 0:16 


56, 9. 161 


53 


30 


27 


14. 15 


12 15 


5 . 15 


22I 2 15 

20 1.15 


hairs. Solutions with 10 \i.M have worked very rapidly. After one 
to two hours’ treatment all the root hairs were dead. New vacuoles 
were at first formed in the apical parts and then the plasm coagulated 
and grew dark (plate I, figs. A and B). In the weak solution (1 \lM) 
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Fip. Tlie prowth of root hairs in Ä-solution with 10 (xM sodiurn hypochlorite 
Experiment no. 32, tabie 12. 


the effect was strong, too, but did not appear so rapidly. After 3—4 
liours’ treatinent about half of the root hairs had ceased to grow and 
the rest grew at a greatly reduced rate. Only a few hairs were dead 
but an apparent reduction in the intensity of the protoplasmic 
streaming was observed. Vacuoles were finally formed. Observations 
from the following experiments, however, showed that all hairs are 
dead after 12 hours’ treatment with 1 \lM hypochlorite. It is evident 
that the effect of the weak concentration was the same as that of the 
strong one but worked more slowly. In the hypochlorite Solutions 
110 new root hairs were initiated during the first five hours of the 
treatment. 

Comparing the chlorate experiments nos. 18 and 19 with the hypo¬ 
chlorite experiments it is clear that ajsolution with 1 (x-M'hypochlorite 
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Fig. 7, The growth of root hairs in AV-solutiori with 1 \xM sodiuin hypochlorite. 
Experiments nos. 29 and 30, table 12. 


(70 Y/litre) was more poisonous than Solutions with 25 mJlf chlorate 
(2.6 g/litre). Thus, the effect of hypochlorite on root hairs was more 
than 25 000 times stronger than that of chlorate. 

Also the root growth stopped almost immediately in a solution 
with 10 (iJf hypochlorite. After sorae time, six to twelve hours, in- 
juries were observed on the root tips. Later on, however, the roots 
grew again. In order to study the reaction of the roots more closely 
the following experiments were made. 
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Experiment 33. Three-day-old plants were placed in a nutrient 
solution with 10 \lM sodium hypochlorite and were observed after 
12, 24 and 48 hours’ treatment. After 12 honrs the roots were injured 
in the tips and all root hairs were dead (plate VI, figs. A and B). 
After 24 hours, however, the roots had resumed their growth after 
the initial injury. The newly formed root parts, 6—8 mm long, were 
distinctly thicker than the older parts, especially at the end next to 
the injury. No root hairs were to be seen on these root parts. After 
48 hours the roots had grown further. The total new growth was 
about 26 mm, or ca. 0.7 mra/hour. With the exception of the swelled 
zone bordering on the injury the new root parts had a normal ap- 
pearance with root hairs of the normal type (plate VT, fig. E). The 
apical zone free of root hairs was somewhat longer than those of the 
eontrol plants and the hair initiation thus seems to have been some¬ 
what retarded. 

The effect of a short hypochlorite treatment was studied in the 
following experiment (no. 34) carried out at the same time as ex- 
])eriment 33. The 3-day-old plants were placed for one hour in a 
nutrient solution with 50 (jlIT sodium hypochlorite. Then they were 
(‘arefully rinsed and transferred to a nutrient solution, in which the 
plants were kept until the next day, or 23 hours. At the observations 
it was evident that the roots had been injured in the same way 
as in the previous treatment (plate VII, figs. A and B). The newly 
formed root parts were similarly thickened in both experiments. 
In some cases the injury was stronger than in the preceding 
experiment. 

Plate VII, fig. C, shows a root from Åberg’s experiment XXIX 
(p. 82) after five days’ treatment with 10 [iM sodium hypochlorite. 
The new growth was about 60 mm or ca. 0.5 mm/hour. After the 
injury the roots liad grown almost normally in the solution. Roots 
treated with 20 yiM showed the same symptoms, but in 50 [lM the 
roots were slack and dead. 

The injuries appearing after the hypochlorite treatment were 
during the first few hours of the same type as the chlorate injuries 
(plates IV and V). Not until the roots had resumed their growth 
could clear differences be seen. From the rea,ction of the root hairs, 
however, a root injured by hypochlorite could be distinguished from 
roots treated with chlorate. In hypochlorite Solutions the root hairs 
died very soon and it was more than 12 hours before new root hairs 
were initiated. In chlorate Solutions, on the other hand, the root 
hairs grew rather well for 24 hours and new hairs were continuously 
formed. 

Another difference between chlorate and hypochlorite effects is 
that the newly formed root parts in the chlorate Solutions had more 
or less deformed cells and irregularly developed root hairs and that 
new injuries appeared, while the new growth in the hypochlorite 
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Solutions was almost normal with a eonsiderable root hair formation. 
As nientioned, the hypochlorite of tlie weak Solutions used was de- 
oomposed in less than 24 hours (p. 138). 


9. The growth of roots and root hairs in nutrient 
solution with chlorite. 

dilorite may be formed as an intermediate produet during the 
reduction of chlorate. Tt- was therefore interesting to study the 
poisonous effect of elilorite on roots and root hairs, especially as no 
earlier information on this subjeet was available. 

The chlorite Solutions were made of a technical preparation whi(*h 
eontained about 80 % sodium chlorite and further inostly carbonate 
and small amounts of chlorate and chloride (seo Åberg 1947 p. 82). 
S-solutions with 1 and 10 \lM. sodium chlorite have been tested and 
the results of the root hair experiments (nos. 35—38) are given in 
table 12. Evidently chlorite has a very strong poisonous effect on 
the root hairs. In a solution with 10 \iM (ca. 0.9 mg/litre) the hairs 
ceased to grow one hour after the addition of the (*hlorite solution 
(exp. no. 38). Eight hairs were observed and only four showed pro- 
toplasmic streaming. After three hours’ treatment protoplasmic* 
streaming was noticed in only one of the hairs. In the others va(*uoles 
had been formed in the tips and the plasm had coagulated and 
darkened. They had the same appearance as hairs treated with 
hypochlorite and were obviously dead. In the weak Solutions with 
only 1 \iM sodium chlorite (ca. 90 y/litre) the reaction of the hairs 
was more variable (fig. 8). Most root hairs readed immediately at 
the change of solution, and the growth rate was lowered. Many root 
hairs, however, recovered quickly, and, after 1—2 hours, the elonga- 
tion increased, but, in general, only for a very short tinie. Then the 
growth decreased again and, after four hours’ treatment, only a few 
hairs were still elongating at a very slow rate. More detailed informa¬ 
tion is given in figure 8, where the growth curves of some hairs from 
experiments 35 and 36 are plotted. These data elearly show the 
varying reaction of individual hairs. 

The poisonous effect of chlorite on the root hairs was as strong as 
that of hypochlorite. The different salts were active at the same 
small concentrations and at the same rate. In both cases the salts 
rapidly reacted with the plasm and killed the hairs in a few hours. 

Even the roots are greatly affected by chlorite, as appears from 
Åberg’s results (table 35, p. 82), which show that the roots grow very 
little in a solution with 50 \lM chlorite, but in a 10 ]xM solution the 
retardation of the root growth was only slight. The relatively rapid 
growth in the weak solution was due to the decomposition of the 
salt (see p. 138). 
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Mtnui es 


Fig. 8. The growth of root hairs in Ä-aolution with 1 \lM sodium ohlorite. Expe¬ 
riments nos. 35 and 36, table 12. 


In order to get a niore complete picture of the root growth in 
ohlorite Solutions the following experiments were carried out. 
Experiment 30, Five-day-old plants were treated with an /8f-solu- 
tion with 10 [lM sodium chlorite. Observations were made after 24 
and 48 hours. 

24 hours: plate VITT, fig. B. 

Tioot hairs already developed at the beginning of the ex¬ 
periment were dead. The roots had grown 8—10 mm. Eoot 
hairs were generally not formed on the new root part. In some 
eases, however, the initiation of new hairs had just begun. No 
injuries on the root tips were observed. 

48 hours: plate VIII, fig. C. 

The roots had grown further; total growth for 40 hours; 25— 
30 mm (ca. 0.7 mm/hour). A new root hair zone was formed and 
the hairs had elongated to an almost normal length. The apical 
zone free from root hairs was somewhat longer than normal. 
On the root tips no visible injuries, 
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Experiment 40. In order to show the appearance of the root in- 
juries some photos were taken of the plants grown in Åberg’s ex¬ 
periment no. XXIX (p. 82). The experiraental conditions were as 
follows. Four-day-old plants were plaeed in solution A with sodium 
chlorite of varyinjj: eoneentrations. After 5 days the following ob¬ 
servations were made. 

U) \lM Na CIO 2 : plate IX, fig. B. 

Very sli^bt root injuries, apparent only as a zone free from 
root hairs, about 8—10 mm lonf>* and loeated ea. 50 mm from 
the tip. As already mentioned, the root hairs were at first kil¬ 
led and the root growth eeased. Then the roots ^rew again and 
new hairs were formed, but not on the part first developed. On 
the photographed root the new^ growth was about 60 mm or 0.6 
mm/hour. No tip injuries were observed. 

20 IIM NaClO^: plate IX, fig. C. 

The appearan(‘e of the roots almost as in 10 [iM NaOlOa- The 
zone free from root hairs somewhat longer. Newly formed root 
parts shorter, on the root in plate IX 40 mm long. This cor- 
responds to a growth rate of 0.4 mm/hour. No tip injuries were 
observed. 

oO iiM NaClO^: plate IX, fig. I). 

Stronger injuries, clearly marked by the slight growth of the 
roots, ca. 5 mm. The tips were swelled and had greatly deformed 
cells. 

100 (jlM NaClO^i plate IX, fig. E. 

Strong injuries. No growth. Koot tips slightly swelled. Lat- 
eral roots were, however, formed on the basal part of the roots, 
which may be due to a disappearance of the salt after the root 
tips were dead. 

The experiments have clearly sliown that there is a difference be- 
tween the poisonous effeet on the roots of chlorite and that of hypo- 
chlorite when present in such low eoneentrations that a considerable 
root growth is possible. In hypoehlorite Solutions the root tips were 
injured in the same way as in chlorate Solutions but in chlorite Solu¬ 
tions no changes of the root tip tissues were observed. This is clearly 
shown by a eomparison of the figures on plates IV and V or VIII 
and IX. 

10. The growth of root hairs in nutrient solution 
with perchlorate. 

The poisonous effeet of perchlorate on plants was observed a few 
years before that of chlorate. At the end of the 19th eentury it was 
shown that some impurities in Chilean nitrate of soda retarded the 
growth of plants and Sjollema (1896) stated that this effeet could 
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be attributed to the presence of perchlorate. The effect of perchlorate 
was more thoroughly studied by Lauffs (1902), who also compiled 
the earlier literature. He worked with plants ^?rown in nutrient Solu¬ 
tions; of great interest are the data as to the appearance of the root 
hairs. Laitffs found that the root hairs of wheat plants, grown for 
eight days in weak perchlorate Solutions, were often deformed, 
branched or strongly bent, and thickened in the tip, but still alive. 
Tt was fiirther noti(*ed that root hairs of Hydrocharis morsus ranae, 
after three weeks’ treat-ment with a 0.01 % perchlorate solution, still 
showed an intensive protoplasmic streaming (p. 23). 

Stibhr (1903), too, tested the influence of perchlorate on roots 
and root hairs, but did not find any strong effect of 0.2—1.0 % potas- 
siuni perchlorate Solutions on young wheat and rye plants. Stiehr^s 
observations, however, lasted only for somo hours, and he eonsiders 
it possible that the x^lants may be affected after some days’ treatment. 

Yamakaki (1931b) found that O.Ö % perchlorate Solutions were 
more poisonous than 1.0 % chlorate Solutions. The poisonous effect, 
how ever, was determined only by nieasurernents of the height of the 
Xdants. Hjollema (1890) as well as Lauffs (1902) and Åberg (1947) 
have shown that the toxu* effe(*t of i)erchlorate, ainong other things, 
appeared as strong bendings of the shoots. Thus, Yamasaki’s 
nieasurernents are not very reliable. Cook (1937) found that »the 
certainly lethal dosc» for plants grown in nutrient solution was the 
same for chlorate and perchlorate (0.25 °o)* 

The root hair growth in an Ä^-solution with potassium per(‘hlorate 
was studied in three exjieriments (nos. 41—43) with the concentra- 
tions 1 inM and 5 milf. The results appear from table 13 and show^ 
that iierchlorate has no strong effect. on the root hairs for 3—4.5 
hours. Out of 40 root hairs observed only two ceased to grow and 
the growth rate of the rest was lowered by 20 %. The effect was 
somewhat stronger than that. of chlorate. No changes in the appearance 
of the hairs or the intensity of the protoplasmic streaming were 
observed. 

On the roots no injuries were to be seen after 24 hours’ treatment 
with a 1 milf potassium perchlorate solution. It is therefore improb- 
able that there is any reduetion of this substance in the cells which 
results in a formation of chlorate or hypochlorite. Äberg’s experi¬ 
ments (1947), too, show that the action of i)erchlorat.e is probably 
specific and not related to that of chlorate. 


11. The growth of root hairs in nutrient solution 
with chloride. 

In order to test the possible röle of the osmotic pressure in the 
experiments with the strongest chlorate Solutions three experiments 
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Table 13. The growth of root hairs in nutrient solution with 

perMm*ate or Moride. 

Experiments nos. 41---46. 

0—()<) rninutes : Ä-solution. 

80— rninutes: Äf-solution with potossium perehlorate or sodium chloride. 
Averapce values in |i/hour, and the relation glo^ see p. 115. 
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were carried out with 25 mM sodium chloride added to the Ä-solution 
{nos. 44—46). The results, given in table 13, show that most of Ihe 
root hairs observed have grown during the whole experiment period 
— out of 40 root hairs only 6 have ceased to grow — and that the 
growth rate was somewhat lower during the last measurements than 
during the first. It is thus apparent that the effect of 25 milf sodium 
ehloride was very weak and appeared only several hours after the 
change of Solutions. The influence of a 25 mM chlorate solution 
(p. 123) differs from that of the chloride solution by the fact that a 
rather large number of the root hairs cease to grow and that this 
change occurs more rapidly. A preliminary experiment has shown 
that chloride is absorbed about half as quickly as chlorate. Thus, it 
may be supposed that the chlorate effects were not due to the osmotic* 
action of the salt. 

Experiment no. 19 shows that, on roots cultured for 24 hours in 
a nutrient solution with 25 mM sodium chloride, root hairs have 
grown at the same rate as in an /8f-solution. In other experiments 
wheat plarits were grown in nutrient Solutions where the osmotie 
value had been increased up to 5 atm. by the addition of sodium 
chloride (up to 120 mM or 7 g/litre). The growth rate of root hairs 
in these Solutions was not determined, but the appearance of the 
roots and root hairs did not indicate any great change in the growth. 
Evidently, the material used has been easily adapted to the osmotie 
pressure of the culture solution. 

The results here obtained are in good agreement with those reported 
by Lundegårdh (1946) for glucose Solutions. 


12. The growth of roots and root hairs in nutrient 
solution with iodide. 

lodine is generally found in soil, water and in the air, but mostly 
in small amounts. It is also shown to be present in phanerogamic 
as well as in eryptogamie plants. In sea plants there is a great amount 
of iodine, less in fresh water plants and least in land plants. The 
literature on this subject is very extensive and cannot be thoroughly 
diseussed here. The reader is referred to the reviews of Oer & Leitch 
(1929), Wynd (1934), Mack & Brasher (1936), McClendon (1939) 
and Lewis & Powers (1941 a). 

The effect of iodine manuring on the growth of plants has been the 
object of many investigations with rather varying results. Some 
authors found an increased growth (Suzuki 1902; Stoklasa 1926, 
3929; SCHARRBR & Strobel 1927; Scharrer & Schropp 1935,1937); 
in some other experiments, however, the iodine amount of the plants 
was increased, but no change could be observed in the growth (Brbnch- 
LEY 1924; Fellenberg 1925; Dafert & Brichta 1926; Hiltner 
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Fig. 9. The growth of root hairs in >S^-solutioii with 0.1 mM potassium iodide. 
Experiment no. 48, tablo 14. © - tho root hair i« plasmoptysed. 


& Beegold 1926; COTTON 1930; Lewi8 & Powees 1941 a). In still 
further cases it was found that iodide dec.reascHi the growth even if 
ratlier small ainounts were ^iven (Beaumont & Karns 1932; Wynd 
1934; Lewis & Powers 1941 b). The investiKations of the iodide 
effect on the ^yrowth of plants has thus g:iven very different results, 
whieh vary with the plant material used, the eulture eonditions and 
the amount of iodide. 

Specifie physioloijieal effeets of iodide on the plants have been 
reported in some cases. Thus, Stoklasa (1926) found that iodine 
deereased the acidity of the juiee expressed from Henevio plants, and 
Wyind (1934) observed an aelion on the respiration and some other 
enzymatic systems in his experiments with tomato plants. 

In spite of the fact that many experiments were earried out with 
plants jyrown in nutrient solution no information is available about 
the reaetion of roots and root hairs in the iodide Solutions. Åberg 
(1947), however, has shown that iodide Solutions deereased the 
j?rowth of shoots as well as that of roots of wheat plants. 

In the first experiments it appeared that the root hairs were rather 
sensitive to small iodide additions. The eoncentrations used were 
therefore gradually diminished from 5 mM down to 0.01 mM Kl. 
The results are given in table 14 and figs. 9 and 10. 

In the strong iodide Solutions, 1 and 5 iriM, the root hair growth 
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Table 14* The growth of root hairs in nutrient solution tviih iodide. 

Experiments nos, 47—52. 

0—60 minn tes: Ä-solution. 

60— minutes: /S-solution with potassium iodide. 

Average values in p/hour, and the relation glo, see p. 115. 
plopt = number of plasmoptysed root hairs. 
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Minuies 


Fig. ](). The growth of root hairs in Ä-solution with 0.01 voM potaBsiurn iodide. 
Experiment no. 47, table 14. ©— = the root hair is plasinoptysed, but shows 
normal protoplasmic streaming. 0 - - - = the root hair is plasmoptysed and dead. 


ceased eompletely after 1—2 hours. After this time most hairs did 
not show any protoplasmic streaming and were dead. In the weak 
Solutions, 0.01—0.1 mJUf, the root hair elongation ceased after 3—5 
hours. The protoplasmic streaming was then conspicuously lowered, 
which indicated that it was soon going to cease. 

An interesting effect of the iodide treatment was that the root 
hairs in these Solutions very of ten burst in the tip (plate XII). The 
plasm was pressed out and the hairs sometimes ceased to grow and 
died very soon. It should be noted that this plasmoptysis was 
observed only after 15—60 minutes’ treatment. When caused in 
other ways, e. g. by acid treatment, the plasmoptysis occurs more 
rapidly. 

The root hairs growing in iodide Solutions often showed an ab- 
nonnal appearance. The elongating tips were much narrower than 
usual. These tips, however, often grew for 1—2 hours at a somewhat 
lower rate than the normal one and then suddenly burst. 

The results of the iodide treatment varied somewhat for the dif- 
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ferent experiments. In experiment 49 (1 niM) all root hairs burst 
during the measurement period 115—160 min. A great deal of the 
plasm was quickly pressed ont of the tips and the hairs ceased to 
grow. The protoplasmic streaming ceased immediately and the hairs 
died very soon. In experiment 52 (5 inM), however, no hairs were 
plasmoptysed, but the tips swelled and the growth stopped. In this 
case the tips were of an abnormal appearance and the hairs showed 
protoplasmic streaming for at least four hours. In the experiment 
with the weakest iodide concentration (no. 47: 0.01 mJf), the result 
was rather varying. Out of 15 root hairs observed 14 were plasmo¬ 
ptysed after 5 hours’ treatment. Of these 14 hairs 4 died after they 
liad burst, while the protoplasmic streaming continued in the other 
10 hairs. Two root hairs, nos. 9 and 18 (see fig. 10), began to grow 
again after the plasmoptysis. This was also the case with hair no. 
12, which burst even in the nutrient solution. New root hairs were 
initiated (fig. 9: nos. 24—26) and developed in the iodide solution. 
At first they grew at a normal rate, but the growth very soon ceased. 
Then the hairs were often plasmoptysed or swelled in the tip. Root 
hairs initiated and developed in iodide Solutions generally have a 
length of 100—300 (jt only. 

While the root hairs were very sensitive to iodide the roots grew 
(jomparatively unaffeeted in these Solutions. Äbeeg’s experiments 
(table 31, p. 76) show that, in a solution with 0.1 inilf potassium iodide, 
the roots grew 4.5 cm in 8 days. During the same time the Controls 
grew 7.5 cm. In this experiment the root growth in iodide Solutions 
was thus reduced by cai. 40 %. Åbeeg observed no injuries on the 
roots, but States that there were no root hairs visible to the naked eye 
on the root parts grown in iodide solution. 

In order to study the relation between the growth of roots and that 
of root hairs in iodide solution the following experiments were made. 

Experiment 53. Three-day-old plants were placed in a nutrient 
solution with 10 \lM potassium iodide. After 24 and 48 hours the 
roots were observed and photographed (plate X), and it was estab- 
lished that the roots showed a definite growth. The length of the 
newly developed root hairs did not exceed 300 fji. After 4 days’ iodide 
treatment the roots had grown 5—8 cm, which was about 75 % of 
the growth of the control plants. All the root parts grown in the 
iodide solution had only short root hairs, but the young hairs 
showed a normal protoplasmic streaming. 

As a conclusion it may be said that iodide has a remarkable effect 
on roots and root hairs. A nutrient solution with 10 [iM iodide in- 
hibits the growth of already developed root hairs within about 4—5 
hours. Then the root hairs are often plasmoptysed. The initiation 
and development of new root hairs, however, is not checked by this 
concentration, but their length is reduced to about 1/10 of the normal 
one. The growth of the roots was only retarded, but not completely 
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inhibited, by 10 \lM iodido. It lasted for at least 4 days and the rate 
was inore than half the normal one. 

It is difficult to give an explanation of these different effects. It 
iiiay be assumed that the plasmoptysing action of iodide was caused 
by a specifie effect of this ion on the cell membrane, but further in- 
vestigations are needed before any definite eonclusions can be drawn. 
Meanwhile it niay be interesting to give a survey of the conditions 
in which plasmoptysis of root hairs occurs. 

Plasmoptysis has been described and studied on root hairs (Woet- 
MAiSN 1889; Zacharias 1891; Stiehr 1903; Holdheide 1931; Lunde- 
GÅRDH 1946) as well as on pollen tubes (Lopriore 1895), fungi 
(ULEHLA 1926; Bonte 1934) and algae (Lepiqije 1921; Sciiaede 
1923; Lepeschkin 1928; Holdheide 1931). Here only the plasmopty¬ 
sis of root hairs will be mentioned. 


Plasmoptynifi causcd by ands. 

If roots are transferred to a solution with a low pll-value the root 
hairs will be plasmoptysed very quickly. This has also been observed 
by Stiehr (1903), Roberts (1916) and Litndegårdh (1946). Stiehr 
supposed that the first moment of the plasmoptysis was a weakening 
of the cell membrane in the tip of the root hair whert^ the growth was 
going on and the wall was particiilarly thin. The bursting was then 
<*aused by the high pressun» of the cells (7—10 atm.). Litndegårdh 
disciissed several ways in which the high concentration of hydrogen 
ions may give rise to a plasmoptysis, e. g. »a retardation of the de¬ 
position of cellulose at continued or increased tension of the wall», 
»the swelling of tlie })rotoplasm» or »the swelling of the wall material» 
(p. 18). 

From experiments carried out. by the present author the following 
preliminary data as to the osmotic- comlitions of the root hairs may 
be mentioned. Root hairs of young wheat plants cultured in normal 
nutrient solution (N ca. 0.25 atm.) have a plasmolysis value of 
about 7—8 atjii. Hairs cultured in a nutrient solution with an ad¬ 
dition of sodium chloride (JV^ *i 5.0 atm.) have a idasmolysis value 
of about 11—12 atm. If these latter hairs are transferred to nutrient 
Solutions with hypotonic amounts of sodium chloride the following 
results will be obtained: 


Osmotic* valu€» 
of the liypotonie solution 

N atm. 
n.r) |- » 

l.o-f-A^ >> 

1..') H- N » 


Keaotion of the 
root hairs 

100 % plasmoptysed 
100 % » 

50 -75 % » 

0 % » 


At first there was no sharp difference between bursting and not 
bursting root hairs. In all cases the reac.tion began with the distension 
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of the hair tip immediately after the change of Solutions. Then a 
plasmoptysis occurs within 1—3 minutes, or the tip continues to 
swell without bursting (see plate XI, figs. B and C). From these ex¬ 
periments, which will be more thoroughly described later on, the 
following results may be given. 

1. Only growing root hairs (with a thin tip membrane) are plasmo- 
ptysed. The same was also observed by Stiehe (1903), Robeets 
(1916), and Lundegårdh (1946). This is true irrespective of the agent 
causing the plasmoptysis (increase of the H-ion concentration, lower- 
ing of the osmotical value of the medium, iodide or thiocyanate). 

2. The thin elongating membrane can bear an increase of the in¬ 
teriör pressure of about 3.5 atm. 

3. Plasmoptysis caused by acids is lowered or inhibited by an 
increase of the Ca-ion (*oncentration (ep. Lundegäedh 1946 p. 12). 
IMasmoptysis caused by iodide or thiocyanate is not influenced by 
the Ca-ion (*oncentration. 

4. Plasmoptysed root hairs sometimes show a normal protoplasmic 
streaming and may, in some cases, also resume their growth again. 

5. The rapidity of tlie plasmoptysis caused by transferring root 
liairs to a hypotonic solution, indicates that water must be absorbed 
very rapidly. 

With regard to these observations it seems probable that the prim- 
iiry effe(*t of an increase of the H-ion concentration is to change the 
firmness of the thin tip membrane. 

Thore are some results indicating that the membrane of the root 
liairKS partly consists of pectic substances (Roberts 1916; Howe 
1921; CoRMACK 1935). According to Roberts the root hairs have an 
outer layer consisting of Ca-pectinate and an inner layer formed by 
i*ellulose. The fa(‘ts that only growing root hairs burst and that the 
bursting takes place only in the tip with its thin elongating membrane, 
indicatc that there must be a difference in the structure or the com- 
position between the elongating tip membrane and the other parts 
of the hair membrane. Perhaps the young tip membrane maiuly 
(‘onsists of pectic material and is thickened by a later apposition of 
(»ellulose layers. 

Pectic substances are characterized by a remarkably high swelling 
capacity. The pectic material of the root hair membrane is, however, 
stabilized by the action of Ca-ions (formation of Ca-pectinates; 
Roberts 1916; Lttndegårdh 1946). Tf the concentration of H-ions 
is increased, the Oa-ions in the membrane may partly be displaced 
and pectic acids are formed. At the prevailing H-ion concentration 
these substances will be hydratized and the membrane will swell and 
become less firm than before. The osmotical pressure of the cell will 
then be able to break the wall at the tip. It is possible that the 
lowered pH also causes a swelling of the plasm and that this swelling 
may increase the pressure in the cell, thus contributing to the plasmo- 
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ptysis. It seems improbable, however, that this should be the only 
cause, considerinf: the rapidity of the membrane burstin^? (cp. also 
LundbgArdh 1946 p. 18). 

Plasmoptysis caused by osmotieal forces, 

If roots are cultured in moist air (filter papers, sawdust) and then 
transferred to water, the root hairs very often burst. This has been 
noticed several times earlier (Wobtmann 1889; Zacharias 1891; 
Stiehr 1903; Koberts 1916; Holdheide 1931). In all of the ciilture 
experiments carried out by the present author the wheat plants were 
at first grown for 2 days in Petri dishes on moist filter paper. The 
plants were then plaeed on the cork holders and put into the culture 
tubes. At this ehange the root hairs were often plasmoptysed. This 
is eaused by the faet that root hairs in moist air are not saturated by 
water and at the transference to the nutrient solution water is 
absorbed so rapidly that the walls of the hair tii)S do not resist the 
increased pressure. The same phenomenon can be observed when 
plants cultured in salt Solutions are transferred to weak hypotonic 
Solutions or when certain sea algae are transferred to fresli water. 

Plasmoptysis eaused by inorganic salts. 

Stiehr (1903) has made a large number of experiments which 
showed that many salts (KOI, NaNOg, K 2 SO 4 , Ca(N 03 ) 2 ) in the con- 
(jentration range between 0.1—0.5 % eaused a plasmoptysis of root 
hairs of young Phleum seedlings. In weaker concentrations, how¬ 
ever, no plasmoptysis oceurred. It is difficult to give a satisfaetory 
explanation of these observations and to explain in what way the 
different salts eaused a plasmoptysis, beeause Stiehr gave no de- 
tailed description as to the arrangements of the experiments. The 
assumption that the cause is a displacing of the calcium in the 
membrane by potassium or sodium is incompatible with the faet 
that Stiehr found plasmoptysis even in Solutions with calcium 
nitrate. 

During the investigations described here it was observed that 
iodide and thiocyanate can cause a bursting of root hairs. The iodide 
and the thiocyanate plasmoptysis differed in several respeets from 
the plasmoptysis eaused by acids or ehanges in the osmotieal value 
of the nutrient solution. The salts mentioned eaused a plasmoptysis 
only after 15—60 minutes, and sometimes still later on, after the 
change of solution. This salt plasmoptysis was further not influenced 
by ehanges of the concentration of Ca-ions. 

It is not surprising, however, that the positive H-ion aeted more 
rapidly than the negative iodide or thiocanate ions. It is supposed 
that the primary eftect is a weakening of the thin tip membrane 
which cnnsists of pectic and cellulose layers. H-ions and iodide or 
thiocyanate ions may act upon different layers, or upon the same 



The Action of Chlorate upon Roots and Root Hairs 


157 


layer but in different ways. In this case it is of interest to notice 
that, according to Staudingee (see Fbey-Wyssiang 1935 p. 112), 
the H-ions cause a mieellaric and the iodide or the thiocyanate ions 
a molecularic decomposition of the (»ellulose. 


13 « The growth of root hairs in nutrient solution 
with iodate. 

The toxic effect of iodate on plants was early the objeet of some 
investigations. Yamasaki (1931 b) found that 1 % potassium iodate 
was as toxic as 1 % potassium chlorate. IIessenland et al. (1933) 
examined the effect of chlorate, bromate and iodate in field and 
laboratory experiments and found that the action of iodate was 
practically insignificant. Åberg^s experiments (1947 p. 71) show 
that iodate has a rather slight poisonous effect on wheat plants and 
that the growth was considerable even in a solution with 5 inJif 
iodate. 

In root hair experiments Solutions with 1 and 5 milf potassium 
iodate were tested. From the results given in table 15 (exp. nos. 
54—58) it is evident that the weak solution had a very slight effect, 
while the strong solution influenced the hair growth rather strongly. 
In the former case only one hair out of 25 ceased to grow, while, in 
the other experiments, 20 out of 30 ceased their growth. 

Aberg (1947 p. 98) suggested that the poisonous effect of iodate 
is dependent upon the action of iodide formed by a reduction of 
iodate in the cells. Thus, it was interesting to observe to what extent 
the root hairs were plasmoptysed in the iodate Solutions. In all ex¬ 
periments, however, only one hair out of 55 burst in the tip. This 
result does not eliminate the possibility of a reduction of iodate and 
a formation of iodide in the plants. Iodide formed in the cells has 
probably not- the same effect as that which is obtained when the salt 
is added to the nutrient solution. In this connection it should be 
observed that the iodide effect seems to be restricted to the thin walls 
of elongating root hairs and to be absent from the other wall parts. 


14 . The growth of root hairs in nutrient solution 
with thiocyanate. 

Thiocyanate, especially as ammonium salt, was early tested as 
a fertilizer (König 1884; Wollny 1884; Haselhoff & Gossel 1904) 
and was later on the objeet of many investigations (Bissey & Butler 
1934; Kewton & Paul 1935; Hurd-Karrer 1946). It was con- 
sistently found that the thiocyanates have a fairly strong poisonous 
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Table 15. The growth oj root hairs in nuirient solution with iodate. 

Experiments nos. 54—-58. 

O—50 minutes : <S"-8olution. 

00— minutes: Ä-solution with potassium lodato. 

Average values in p/hour, and the relation gto^ see p. 115. 
plopt ~ number of plasmoptysed root hairs. 


The growth in different iodato Solutions 
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Table 16. The growth of root hairs in nutrient solution with bromide^ 
bromate or thiocyanate. 

Experiments nos. 59—64. 

0—60 minutes: <S-8olution. 

60— minutes: iS-solution with potassium bromide, potassiiim bromate or 
ammonium thiocyanate. 

Average values in |i/hour, and the relation ^/o, see p. 115. 
plopt — number of plasmoptysed root hairs. 


The growth in different Solutions of 


thioryanato 

.Timoi 59 j| 60 


1 . 


61 


bromide j 

■1 

62 


bromate 


63 


64 
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effect on plants, which is, howevor, of short duration. In the soil 
tlu* salt soon disappears throuf?h decomposition and transformation 
into arnmonia or nitrate, which thcn cause a positive fertilizin^f 
effect. 

The nejrativT thiocyanate ion — as well as the iodide ion — strongly 
in(?rease the swelling of the protoplasm and the cellulose in the cell 
membrane (see Prey-Wysslikg 1935 p. 100 and 1938 p. 123). In 
the previous experiments it was shown that iodide has a specifie 
influence on the root hairs which is probably localized to the growing 
zone of their wall. It was supposed that this action was due to the 
capability of the iodide ion to increase the swelling of the thin cell 
membrane of the hair tip. Therefore, it was of interest to determine 
if thiocyanate had the same effect on root hairs as iodide. 

In experiments 59—61 the effect of iS^-solution with 5 or 25 mM 
ammonium thiocyanate was tested. The results are given in table 
16 and show that 25 mM stopped the hair growth in about 2 hours, 
and, further, that the addition of 5 mM thiocyanate reduced the 
growth rate of root hairs by ca. 50 % after 2—3 hours’ treatment. 
The solution with 25 mM thiocyanate, however, had a weaker effect 
on the root hairs than solution with 1 mM i)otas8ium iodide. Thus 
the effect of potassium iodide is at least; 25 times stronger than that 
of ammonium thiocyanate. 

In two experiments the root hairs were plasmoptysed in the same 
way as in iodide solution but not to the same extent. The similar 
effect of iodide and thiocyanate may be regarded as a support for the 
assumption that these ions influence the root hairs by their power 
to increase the swelling of the cell wall. 


15. The growth of root hairs in nutrient solution 
with bromide. 

The action of bromide was early studied by Offord (1931). He 
found that spraying with a sodium bromide solution on Bibes petiolare 
had a very slight or imperceptiblc effect. ÅBERG (1947 p. 74) showed 
that Solutions with 0.5—10 mM potassium bromide do not consider- 
ably retard the growth of roots or shoots of young wheat plants. 

Only one experiment (no. 62) was carried out in order to determine 
the influence of bromide on root hairs. The solution used contained 
5 mM potassium bromide and the results are shown in table 16. The 
action of the bromide solution was very slight. No root hairs ceased 
to grow during the measurements but the growth rate was lowered 
by ca. 15 %. No changes in the appearance of the hairs were observed. 
These experiments, as well as those of Åberg, show that bromide is 
practically harmless to wheat seedlings in water cultures. 



Pl. I. 


A 


C 





A and B; root hairs afte>r 2 hoiirs* treatment. with lOjjiiVf aodium hypoohlorite. 
C: gi‘owth of plasmoptysad root hair. Hair no. 6, oxp. no. 16, about 4 hours 
after the plasmoptysis. -- - Magnificatiori 350 ^ . 





Pl. III. 


AB C D E 



Roots after 12 to 48 hours’ treatmeiit with 1 mM sodium chlorate. — A: control. 
B: 12 hours’ treatmont. C and D; 24 honrs’ treatment, one injury. E: 48 hours’ 
treatment, two injuries (Sj and Sj). — Experiment no. 22, p. 129. 
Magnifieation 10 >" . 







Roots after^l2 to 48 hours’ treatmont with sodium hypoehiorite. — A and 

B; 12 hours’ troatment. C and D; 24 hours’ treatnient. E: 48 hours’ troatmont. 
Control: fig. A on plate VIII. — Experiment no. 33, p. 143. — Magnification 10 . 



Hootg from plants ti*eated with sodium hypochlorite. — A and B: roots from 
t)xperiment no. 34, p. 143. C: root from Aberg’b experiment no. XXIX (see 
p. 143). — Magnification 10 . 





Pl. IX. 



lioots af ter 5 days’ treatment with sodium chlorite of varying ooncentrations. — 
A; oontrol. B: 10 NaClO^. Between parts l and 2, 35.5 rnrn have been remo- 
ved. C; 20 \lM NaClOg. Between parts 1 and 2, 12.0 mm have been removed. 
D; 50 \xM NaClO^. E: 100 \lM NaOlO*. — Äbkro’8 experiment no. XXIX (see 
p. 143). — Magnification 10 ^ . 






Roots after 24 or 48 hours’ troatment with 10 [lM potaasium iodide. — A: control. 
B; 24 hours’ treatment. C; 48 hours’ treatment. - Experiment no. 53, p. 153. 

Magnification 10 ' . 







A: root injury caused by chlorate troatinent. ct ia th© injured, b th© adjoining 
baaal and c the apical cella. — Seo p. 131. — Magnification 70 x . B and C: root 
haira grown in nutrient aolution with NaCl (N + 6.0 atin.) and tranaferred to a 
hypotonic aolution (N + 1.0 atm.). B; plasmoptyaia. From th© left: 0, 1, 2 and 3 
rninutes after change of aolution. C: awelling of th© hair tip. h rom the left: 0, 2. 
3 and 5 minutea after change of aolution. — Se© p. 154. — Magnification 650 . 





Plasinoptysig causod by iodide treatraent. — Experiment no. 48, p. 1.52, 
Magnification l/SO <. 
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16. The growth of root hairs in nutrient solution 
with bromate. 

Bromate has proved rather poisonous to plants. Offobd (1931) 
found no great difference in the effect of spraying with potassium 
bromate and potassium chlorate on Bibes petiolare. Yamasaki 
(1931 b) faund that a 0.35 % potassium bromate solution had the 
same effect as 1.0 % potassium iodate and a stronger one than a 1 % 
potassium chlorate solution. Äbbeg’s experiments (1947 p. 72) show 
that potassium bromate was more poisonous than iodate but had a 
somewhat weaker effect than chlorate upon the shoots. The roots 
were more sensitive to bromate than chlorate at low concentrationB. 

In the root hair experiments, too, (nos. 63—64) it was found that 
bromate acted as a rather strong poison. ;8f-BolutionB with 1 and 5 mM 
potassium bromate were tested (table 16). In both experiments the 
growth rate was considerably reduced, and after 2—3 hours almost 
all root hairs ceased to grow. No visible root injuries were observed 
even after 24 hours’ treatment. 

17. Discussion. 

The experiments hitherto made with chlorate have given much 
information about the effects of chlorate on weeds and other plants. 
Thus, close studies have been devoted to the absorption of chlorates 
by the plants, the transport of the salt within the plants and the in- 
fluences of external conditions on the toxicity of chlorates (see 
Cbafts 1935 and Åberg 1947). Bspecially the statement of an anta- 
gonistic effect of nitrate is of great interest (Crapts 1939; Hubd- 
Karrer 1941 a; Åberg 1947). Many studies have further been made 
as to different inethods for the application of the chlorate, the suscep- 
tibility of different plants, the leaching and decomposition of the salt 
in the soil, etc. 

However, only a few investigations have been carried out in order 
to explain the physiological mechanism of the poisonous effect of 
chlorates. From the results obtained during the past years the con- 
clusion can however, be drawn, that the effect of chlorate must be 
connected with a specific mechanism in the cells. 

In many cases the opinion has been expressed that chlorate has a 
general oxidizing effect on the plasm or that the salt acts by oxidation 
of some substances necessary for the normal function of the cells 
(Offord 1931; Harvby 1931; Åslandbr 1931; Yamasaki 1929 b, 
Hurb-Karrbr 1941 a). 

Some of the physiological effects observed are certainly only sec- 
ondary results of the primary influences of the chlorate (Latshaw 
& Zahnlby 1927; Nebler 1931). 

11—47400 Lanibrukaliögakolana Annaler. Vol. 16 
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As a result of his investigations, Crafts (1935) has come to the 
opinion that »the plant dies, not becanse the protoplasm has been 
killed by direct reaction with the toxicant bnt rather becanse this 
material so disturbs the metabolic processes that the plant can no 
longer function normally» (p. 709). Crafts has not been able to ex- 
plain which process has been influenced by the chlorate or how this 
substance acts on the »metabolic processes». 

Hurb-Karrbr has published several papers on the effect of chlor¬ 
ate (1941 a, b; 1946). With plants of wheat and barley grown in 
nutrient Solutions she studied the inhibiting effect of nitrate on the 
toxicity of chlorate (1941 a). From the results obtained she tries to 
explain the mechanism of the chlorate effect. Thus she supposes 
that »the strong oxidizing capacity of chlorates might suggest that 
they hinder a reduction of nitrate to nitrite within the plant, resulting 
in a State of nitrogen starvation that would be alleviated by increas- 
ing the nitrate supply of the plant» (p. 205). Hurd-Karrer made 
some observations supporting this hypothesis. Among other things 
she observed a resemblance between the symptoms of chlorate poison- 
ing and the chlorosis caused by nitrogen starvation, and emphazises 
the fact that excess nitrate reduces the symptoms in both cases. 
A detailed examination of the appearance and development of the 
chlorosis, however, makes Hurd-Karrer point out that the ob¬ 
servations »cannot be regarded as adequate evidence to support the 
idea that chlorate may hinder nitrate reduction within the plant» 
(p. 205). She finally discusses the results of Crafts (1939) on the 
inhibiting effect of nitrates on the absorption of chlorates by the 
roots, and she finds no sufficient grounds to exclude the possibility 
of »an effect of nitrate on chlorate within the plant» (p. 205). Åberg 
(1947 p. 64) has later shown that the nitrate influences the chlorate 
absorption as well as the action of chlorate within the plant. 

A more thorough discussion of earlier hypotheses has already been 
given by Åberg (1947). On the basis of earlier experiences and his 
own experimental results Åberg shows that the poisonous effect of 
chlorate is due to the fact that the chlorate ions in the sensitive cells 
are transformed to toxic substances such as chlorite or hypochlorite 
(p. 97). He further States that this transformation is probably caused 
by »specific catalytic mechanisms». Some results indicate that these 
mechanisms are the same ones which normally reduce nitrate. 

The studies of the chlorate effect on roots and root hairs of young 
wheat plants in nutrient solution made by the present author clearly 
show that chlorate does not act through a direct reaction with the 
plasm. Most important is the fact that the root hairs, which are the 
first to come into contact with the chlorate Solutions, are much less 
severely and far later affected than some cells in the root tips. This 
difference between the reaction of the root hairs and that of the root 
tips cannot be explained by the above mentioned hypotheses based 
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upon the presumption that the chlorate affects the cells through an 
oxidative reaction with the plasm or some general metabolic process 
in the cells. 

The idea put forward by Aberg (1947) about the mechanism of 
the chlorate effect, however, finds a good support in the results ob- 
tained in the root and root hair experiments. In discussing the 
results the localization of the nitrate assimilation in the roots is of 
great importance. Burström has made thorough investigations into 
the mechanism and localization of the nitrate assimilation on the 
same material (young wheat plants) which has been used by Abbrg 
and the present author. In a summary of his investigations Bur¬ 
ström (1946) States that »the assimilation is so sensitive to changes 
in the content of cations of the extemal medium that it is necessary 
1,0 assume that it takes place on the surface of the roots, apparently 
in direct contact with the surrounding medium» (p. 23). If nitrate 
and chlorate are reduced by the same mechanisms and these are 
localized to the root surface and immediately connected with the 
ion absorption the cells in the root surface, especially the root hairs, 
should be expected to be the first to be injured by chlorate. Such is 
not the case and, thus, the given hypothesis about the reduction of 
(chlorate cannot be combined with the opinion that the nitrate as¬ 
similation takes place in the surface. There are, however, some 
atatements showing that the localization of the nitrate assimilation 
of the root to the surface cannot be regarded as finally proved. Thus, 
Lundegärdh (1945 pp. 104—105), from studies of the intensity 
of the bleeding and the composition of the exuded sap, has concluded 
that the reduction of nitrate may take place in the interiör of the 
root. Further, Burström (1940) stated that »the H-ion has no direct 
influence on the rate of assimilation within the roots» (p. 178). The 
experiments made by Burström have generally comprised periods 
of such length (about 24 hours; 1939 a p. 132; 1939 b p. 249; 1940 
p. 137) that the changes in the medium may be supposed to have 
affected also the cells in the interiör of the root. The experiments 
described in Chapter 6 show that the chlorate is very rapidly absorbed 
by the roots. Preliminary experiments show that nitrate is absorbed 
at about the same rate as chlorate (cp. p. 137). Lundegårdh (1945) 
also mentions that »our observations of the bleeding (increase of sap 
concentration) show a very rapid penetration of nitrate from the solu- 
tion into the central parenchyma» (p. 104). After only 4 hours changes 
in the nitrate concentration of the external medium were reflected 
in changes in the amount of nitrate exuded in the bleeding sap. 

All these statements obtained from experiments with the same 
material (young wheat plants) but with different experimental 
methods make new thorough investigations necessary before it can 
be definitely settled whether the nitrate assimilation takes place in 
the root surface or in certain cells in the interiör of the root, or perhaps 
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in all the cells of the root but with different intensity in different 
layers of the root tissue. It is possible that continued comparative 
investigations as to the absorption and reduction of nitrate and 
chlorate can give a solution of these questions. Until this problem 
has been settled the assumption of a superficial localization of the 
nitrate reduction cannot be used as an argument against the sug¬ 
gestion that chlorate and nitrate are reduced by the same mechanisms. 

As regards the initiation and development of the root injuries 
the hypothesis mentioned finds a good support in Bueström^s in- 
vestigations (1939 b). In one experiment Burström showed that 
the roots without tips assimilate 3.2 and the tips 0.9 micromoles 
nitrate per 20 plants (tab. 14 p. 259); a second experiment shows that 
the whole roots assimilate 16.8 and the roots without tips 13.1 micro¬ 
moles nitrate per 80 plants (tab. 22 p. 266), and a third experiment 
that the whole roots assimilate 8.3 and the roots without tips 7.1 
micromoles nitrate per 80 plants (tab. 24 p. 268). In these three 
experiments the tips with a length of only 2 mm have assimilated 
0.9, 3.7 and 1.2 micromoles nitrate respectively and the other parts 
of the roots with a length of about 20 mm have assimilated 3.2, 13.1 
and 7.1 micromoles nitrate respectively. It is evident that the nitrate 
assimilation has been more intense in the root tips than in the other 
parts of the root. The reduction of chlorate and formation of poison- 
ous substances (chlorite or hypochlorite) can thus be assumed to be 
strongest in the same part of the roots and it should be expected that 
these parts are the first to be injured. These cells may also be as¬ 
sumed to be more sensitive than the cells in other parts of the root 
(cp. the localization of the hypochlorite injury, p. 143). 

It is difficult to say anything about the way in which a reduction 
of chlorate in the cells takes place. A comparison between the root 
injuries obtained in a treatment with chlorate, chlorite or hypo¬ 
chlorite shows, however, that chlorate and hypochlorite give identical 
root injuries, while, on the other hand, chlorite causes injuries of 
quite another type (plates IV and V). Thus, it seems that the 
product active in the chlorate poisoning could be identified with 
hypochlorite, but further investigations are necessary before this 
can be stated for certain. 

In figures 11—13 comparisons between the poisonous effect on 
root hairs of the different salts are made. The results show a de- 
creased toxicity in the following successions: 

halogenates: bromate > iodate > chlorate 

halogenides and thiocyanate: iodide > thiocyanate > bromide > 
chloride 

chlorine compounds: hypochlorite, chlorite > perchlorate > chlo¬ 
rate > chloride 

iodine compounds: iodide > iodate 

bromine compounds; bromate > bromide. 
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Fig. 11. The mean growth of root hairs in iS-solution with 6 mAf sodium chlorate 
(exp. nos. 16—17, tab. 6), 6 mAf potassium iodate (exp. nos. 66—68, tab. 16) 
or 6 mAf potassium bromate (exp. no. 64, tab. 10). 



Fig. 12. The mean growth of root hairs in ^-solution with 6 mAf x>otassium per- 
ehlorate (exp. no. 43, tab. 13), 26 mAf sodium chlorate (exp. nos. 18—19, tab. 6), 
1 [lM sodium chlorite (exp. nos. 36—36, tab. 12) or 1 jxAf sodium hypochlorite 
(exp. nos. 29—30, tab. 12). 
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Mtnuies 

Fig. 13. The mean growth of root hairs in 6’-solution with 25 mikf sodium chlo- 
ride (exp. nos. 44—46, tab. 13), 5 mM potassium iodide (exp. nos. 51—52, tab. 
14), 5 niM potassium bromide (exp. no. 62, tab. 16) or 5 mM ammonium thiocya- 
nate (exp. nos. 59—60, tab. 16). 


18. Summary. 

This investigation has been carried out in order to determine the 
effect of chlorate and some related substances upon the roots and 
the root hairs of young wheat plants grown in nntrient solution. 
Great interest has been devoted to the growth of the root hairs and 
some observations have been made to elucidate the mechanism of the 
root hair elongation. 

1. The elongation of a root hair is found to be very constant but 
the growth rate of different hairs varies between 70 and 120 p./hour. 
After the root hair initiation the growth is rather slow for 1—2 hours 
and then is constantly ca. 90 ^/hour almost all the time until the 
hairs have reached their full length, 1.5—2.0 mm. 

2. The growth of root hairs is comparatively unaffected by ad¬ 
ditions of chlorate. In a nutrient solution with 25 mM chlorate the 
hairs continue their growth for at least 4 hours, and in a solution 
with 1 mM the hairs elongate for at least 24 hours. 

3. The growth of the roots is very soon affected by chlorate. In 
a nutrient solution with 1 milf chlorate root injuries are observed 
after 6 hours or more and after 24 hours most of the roots are injured. 
The injuries occur as a darkening of the cells of the apical part of the 
elongation region and a small part of the meristem, 1.5—1.8 mm from 
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the tip. After the injury, the root growth ceases for about 24 hours 
but then the roots often resume their growth again. In this case the 
new parts often grow at an angle to the previous root axis (formation 
of root bendings). Their cells are more or less deformed. After some 
time a second injury may be formed and then the root grows again. 
Boots with 4 injuries have been observed. 

4. After the roots have been injured and their growth has stopped 
the root hairs continue their elongation, and, thus, a root hair zone 
extending to the upper limit of the injury is formed. On the root 
parts grown after the injury, new root hairs are initiated and devel- 
oped but not so frequently and regularly as on normal roots. 

5. The roots absorb chlorate very rapidly. After 3 hours’ treat- 
ment with 5 mM the chlorate concentration in the roots is the same 
as in the surrounding medium and later on the chlorate is further 
concentrated in the roots. The rate of chlorate absorption is probably 
of the same magnitude as that of nitrate absorption. 

6. (Chlorate does not affect the guttation from the leaves and thus 
the active water absorption of the roots is not disturbed. In weak 
ehlorite or hypochlorite Solutions the guttation is immediately 
che(‘ked. 

7. Hypochlorite has a very strong poisonous effect on the root 
hairs as well as on the roots. The hypochlorite reacts with the plasm 
and kills the root hairs in a few hours (10 \iM), The root tips are in¬ 
jured in the same way as by chlorate. After the injury, the roots 
resume their growth. The newly formed parts are at first a little 
deformed but later on — after the decomposition of the salt — the 
roots grow in a normal way and with a normal root hair formation. 

8. (Ihlorite has a poisonous effect on the root hairs as strong as 
that of hypochlorite. At first the growth of the roots is checked. No 
visible root tip injuries are, however, formed and later on the roots 
resume their growth. The newly formed parts do not show any 
deformation and the root hair formation is quite normal, 

9. Perchlorate has only a weak effect on the roots and the root 
hairs, but this effect is a little stronger than that of chlorate. 

10. In experiments with chloride (25 mM) it is shown that the 
elongation of the root hairs is comparatively unaffected by an in- 
crease of the osmotical value of the medium. This is probably due to 
a rapid salt absorption. 

11. lodide is found to have a strong and specific effect on the root 
hairs but only a weak effect on the root elongation. In iodide Solu¬ 
tions the root hairs often burst in the tip (plasmoptysis). The occur- 
rence of root hair plasmoptysis is surveyed and its mechanism is 
discussed (p. 154). It is supposed that the primary effect is a decrease 
in the firmness of the thin tip membrane. 

12. lodate has an effect on the root hairs that is somewhat stronger 
than that of chlorate. 
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13. Thiocyanate ions cause plasmoptysis in the same way as iodide 
ions, which are, however, at least 25 times more effective. 

14. The action of bromide on the root hairs is very weak. 

15. Bromate is very poisonous to the root hairs, and the roots are 
more sensitive to bromate than chlorate at low concentrations. 

16. It is shown that chlorate cannot act as a general poison to the 
plasm or through an oxidative action in the cells. Äbbeg^s hypo- 
thesis (1947) that the chlorate ions in the cells are confused with the 
nitrate ions and reduced by the same mechanisms as these ions finds 
a good support in the present results. The reduction of the chlorate 
ions will result in some poisonous substance, and the experiments 
show that this substance may possibly be identified as hypochlorite. 
The localization of the nitrate and chlorate reduction in the roots is 
discussed. 
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The influence of thyreoactive iodinated casein upon 
the growth of fattening pigs. 

By SAM. NORDFELDT and STIG HYDÉN. 

{From the Animal Research Station and the Institute of Animal Physiology of the 
Royal Agricultural College of Sweden.) 

It is well known that the thyroid hormone plays an important 
r61e in the normal growth of the individual. Decreased activity 
of the thyroid gland results in diminished growth, while total thy- 
roidectomy hrings the development of growing animals to a com- 
plete standstill, with symptoms of cretinism. 

A satisfactory explanation of this is not hard to find. A decrease 
in metabolism would bring about a diminution in cell proliferation 
and cell differentiation. It is also quite clear that therapeutic treat- 
ment with thyroid extracts or with thyroxin-active substances should 
cure these symptoms of sickness; this has been well established by 
a large number of experiments. Reineke and Tuener, for example, 
in 1941, found that the growth of thyroidectomised young goats 
was brought back to normal by feeding them orally with iodinated 
proteins. 

(-ases of experimentally induced hyperthyroidism, i. e. by dosing 
normal animals with thyreoactive substances, are more complex. 
This hyperfunctioning of the thyroid would be expected to produce 
an abnormally quick growth rate, but on this point the literature 
is still contradictory (Koger and Turner). Some authors claim 
to ha ve detected an increase in the weights or lengths of the experi- 
inental animals. Thus in 1942, Koger et al. maintained that thy- 
roxine injections produced a marked increase in the weights of 
growing mice. Another experiment showed the thyreoactive iodin¬ 
ated casein to have an accelerating effect both upon the increase 
in length and the gain in weight (1943). Yet other authors hold 
the view that the thyroid hormone has a retarding effect upon 
growth. In this connection, Jesperson (1941) investigated the 
effect of feeding thyroid to growing pigs. Each pig was given a 
daily dose of 17—18 gm fresh thyroid which, he calculated, was 
equivalent to 5—6 mg thyroxin. In comparison with the Controls, 
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the experimental pigs had a small daily gain in weight and a high 
consumption of fodder, while their growth was obviously retarded. 

It is, for several reasons, difficult to make a comparison of the 
doses used in different experiments. It is, however, clear that the 
cases of reduced growth rate, both as regards length and weight, 
wcre the result of large doses of material. Stimulation of growth 
was brought about by small doses. The increase in metabolism and 
energy requirements induced by big doses were not compensated 
by the increase in fodder consumption. 

Small doses produce a moderate increase in metabolism and 
stimulate cell proliferation when the energy supply is sufficient, but 
big doses, while slowing up cell proliferation, hasten cell differen- 
tiation and maturation. An increase in length was demonstrated 
in dogs by Dott (1923). The quickened elongation of the long 
bones caused by doses of dried thyroid was counteracted, after a 
time, by a rapid ossification of the epiphysial cartilage. The out- 
come of this was that the experimental animals became smaller 
than the control animals. This case explains why treatment with 
thyroid preparation does not result in abnormally big animals. 

In view of the fact that relatively cheap production of a thyreo- 
active preparation such as iodinated casein is possible on a large 
scale, the way is now open for investigations on the effect of ex- 
perimentally induced hyperthyroidism in domestic animals. It 
is clear that if it were possible to hasten the development of meat 
and pork producing animals, without the percentage increase in 
fodder consumption exceeding that in weight gained, it would be 
a great advantage in cutting down working costs etc. 

Purpose and Procedure, 

In 1945, experiments were carried out at the Animal Eesearch 
Station, Sweden, to determine the effect of iodinated casein on 
pigs. In one investigation a dose of 0.25 gm iodinated casein per 
100 kg live weight failed to produce any significant changes in 
growth and fodder consumption, On the basis of these results, 
the following experimental procedure was adopted with regard to 
grouping: 

Group I Control, with no iodinated casein. 

Group II 0.5 gm iodinated casein per 100 kg live weight. 

Group III 1.0 gm » » » » » » 

Group IV 2.0 gm » » » » » » 

Experimental Animals. 

The pigs used in the investigation were all Swedish Land breeds, 
and had been reared in the pig experimental station run by the Animal 
Eesearch Station. Each experimental group comprised 10 pigs, 
but during the investigation, Groups I and IV each lost one pig 
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through sickness. The percentage of hogs in Groups I—^IV was 
55.6, 70.0, 60.0, and 55.6 respectively. 

Investigation Periods, 

During a preliminary period, the pigs were given a standardized 
diet without iodinated casein. Period I began when the pigs had 
reached the average weight of 31 kg, and went on for 4 weeks, un- 
til the control pigs weighed 48 kg; the interval between this date 
and the time when these control pigs were slaughtered, at the weight 
of 100 kg was covered by Period 2. 

Feeding, 

The diet of all the groups consisted of skim milk, maize, oats, 
and barley, together with tankage for protein requirements. Du¬ 
ring Period 1 the feed was given out in the quantities shown in 
Table 1. During Period 2, the pigs were allowed to eat ad libitum, 
The Chemical composition of the diet is given in Table 2. 

The thyreoactive iodinated casein was synthesized and standardised 
at the Institute of Animal Physiology, Eoyal Agricultural College. 
This preparation contained 5.6 % of organic iodine, and had 
2 % of the biological effect of Boche synthetic thyroxin, as shown 
by measurements of the percentage increase in the oxygen con- 
sumption of guinea pigs fed on this preparation. 


Table 1. Rations given during feeding experiments with iodinated 
casein on fattening pigs. 


Average weight 
per pig, kg 

Daily ration for 10 pigs, kg 
Skim milk | Concentrates^ 

Remarks 

26 

22.6 

11.09 

The experimental groups 

35 

25.0 

16.24 

were given the following 

45 

30.0 

18.69 

doses of iodinated case¬ 

56 

30.0 

21.73 

in/100 kg live wt 

66 

30.0 

24.67 

Group 11 0.6 gm 

76 

26.0 

27.64 

» III 1.0 * 

86 

26.0 

29.33 

* IV 2.0 * 


^ Concentratea: 38 % oats, 37 % barley, 26 % maize. 

The pigs were given 3.6 kg tankage per 100 kg concentrates until they reached 
the weight of 36 kg. 


Mineral nutrients per animal per day, 

Per 20-40 kg live weight: 10 gm limestone, 6 gm common salt 
» 40-60 » » » 20 » » 10 » * » 

» 00-80 D» »26* * 10* » * 

* 80-100 » * » 30 * * 10 * * * 

Vitamin D per animal per day; 1 gm Deltafor Dg (vitamin D preparation 
containing 200 I. U. vitamin Dg/gm, sold by A.B. Philips, Stockholm. 
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Table 2. The Chemical composition of the feeding stuffs. 


Feeding stuff 

100 kg of ration oontains 

Pry 

matter 

Crude 

fat 

Crude 

protein 

N-free 

extract 

Fibre 

Ash 

Protein 

Digest- 

ible 

protein 

No. of 
feed 
units' 

Ca 

P 

Kilograms | 

Skim milk... 

8.95 

0.12 

3.28 

4.79 

_ 

0.76 

3.28 

3.12 

12.7 

0.11 

0.09 

Maize. 

86.30 

4.68 

9.68 

68.77 

1.56 

1.61 

9.52 

6.95 

105.3 

0.04 

0.34 j 

Oats. 

84.60 

4.02 

8.72 

60.16 

8.42 

3.28 

7.93 

6.19 

81.8 

0.08 

0.35! 

Barley. 

82.50 

1.70 

10.30 

64.77 

3.13 

2.60 

9.67 

6.96 

97.2 

0.04 

0.37' 

Tankage .... 

90.35 

4.86 

66.20 

2.39 

— 

16.90 

50.20 

38.65 

96.0 

4.94 

2.59 


^ Feed unit (F. U.). Scandinavian feed units, with a nourishment value of 
approximately 1 kg normal barley for feeding. 


Results and Discussion. 

Period 1. Äll groups on the same diet. The main results from 
Period 1 are shown in Table 3, while the gain in weight of the ani- 
mals is also shown in Fig. 1. 

* Table 3. Qrowth and fodder consumption during Period 1. 



Group I 

Group 11 

Group 111 

Group IV 

Daily gain in weight per pig. 

575 

570 

471 

410 

Feed Units per kg growth. 

3.03 

3.00 

3.55 

4.17 

Daily ration (Feed Units) per pig.. 

1.77 

1.77 

1.69 

1.73 


The increase in metabolism following the treatment with iodina- 
ted casein can be seen from the growth and fodder consumption 
values shown in the table. Fodder consumption increased as the 
doses of iodinated casein, which, in turn, affected the growth rate. 
The increased energy requirements could not be met despite in- 
creases in the daily rations, and the fall in the daily growth rate 
of from 575 gm in Group 1 to 410 gm in Group IV shows that the 
pigs in the iodinated casein groups must have been slightly under- 
nourished. Although the differences between Group I and II were 
insignificant, the comparatively small increase in metabolic rate 
resulting from the small doses given to Group II must have had 
an adverse effect upon that group^s nourishment as compared to 
that of the control group. 
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19/2 26/2 5/3 12/3 19/3 26/3 2/4 9/4 

Fig. 1. Experiments with different amounts of iodinated casein. in the feed of 
growing pigs. The same amount of feed to all groups. 


The appearance of the pigs in Group III, and, especially, of 
those in Group IV, showed a striking difference from that of the 
others, in that the pigs of these two groups were thinner and had 
longer legs than the control pigs. 

Period 2. Feeäing ad libitum. As a result of the iodinated casein 
rationing during Period 1, the pigs in the different groups were 
unequal in weight by the start of Period 2. The effect of the un- 
limited feeding soon became apparent, through an increase in the 
daily growth rate of the iodinated casein groups, so that after 5 
weeks these pigs had nearly caught up in growth with the control 
animals. (Table 4). 


Table 4. The weights of the experimental pigs after 5 weehs of 
feeding ad libitum. 


Average weight, kg 

Group 1 

Group II 

Group III 

Group IV 

At the start of the period 

49 

48 

44 

43 

After 5 weeks. 

76 

78 

75 

75 


The increase in growth rate could be partly due to the earHer 
feeding, and be regarded as a sort of compensatory effect. Noed- 
FELDT, however, in an investigation (unpublished), at Kävlinge, 
found that this was not necessarily the case. In that experiment, 
one group of pigs was fed normally, while the other 3 groups got 
10 %, 20 %, and 30 % less food, variously. When the pigs had grown 
to weigh about 60 kg, the food rationing was stopped, and all the 
pigs were fed ad libitum. 

12—47490 LatUbrukehögakolamt Anmder. Vol. 16 
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Fig. 2. Experiments on the feeding of growing pigs with different quantities 

of feeding stuffs. 


The results are shown in Fig. 2. It is clear that the increase in 
growth rate brought about by the change in feeding was not more 
marked in the experimental pigs than in the control pigs. Thus, in 
the present investigation, the increase in growth rate during ad 
Kbitum feeding can be attributed to the previous iodinated casein 
diet. 

Fig. 3 shows the growth of the pigs during the first part of Period 
2; the growth curves of the different groups have been corrected 
to give them equal initial weights to enable comparisons to be made. 

Oro88 gain in weight. In Table 5 the daily gains in weight per 
pig during Period 2 are given in grams. 

The table shows considerable variation within the groups; this 
is partly due to differences in the initial weights of the pigs, which 
ranged, during the preliminary period, between 12 and 30 kg. The 
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Fig. 3. Fxperiments with different amounts of iodinated casein in the feed of 
growing pigB. Feeding ad libitum. 


Table 6. 


Period 2. Daily gain in weight» grams 

Group I 

Group II 

Group III 

Group IV 

703 

738 

889 

921 

679 


879 

968 

857 

886 

593 

798 


738 

914 

1 000 

929 

867 

886 

1020 

929 

837 

952 

1095 

665 

1024 

911 

929 

794 

771 

1 020 

582 

778 

839 

914 

681 


889 

867 


776 

, 858 

882 

888 


pigs which weighed over 20 kg were all from.' an older litter, and 
two of theBe heavier animals were allocated to each exx>erimental 
group. If the initial weights of the pigB are compared with the 
number of dayB taken by them to reach the Blaughtering weight, 
the time taken by the heavier pigB iB Been to be lesB than for the 
other pigB. 

The significance of the difference in the growth ratea of the pigB 
weighing 12—^20 kg, and those weighing 21—30 kg, iB repreaented 
by the quotient 33.8***. 

Ab thiB corresponds to a probability of more than 999:1, Buch 
a Borting ont is a necessity. 
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Table 6 . Daily gain in weight of pigs with lowest initial weights, 
Group I Group II Group III Group IV 

732 840 869 840 

The following calculations are thus based only on those pigs with 
the lower initial weights. Table 6 gives their mean daily growth, 
in grams. 

As a result of variation analysis, the quotient of 5.94* is obtained 
for the differences in growth rates between Group I and the three 
iodinated casein groups combined. The odds are 95 : 5 against this 
difference being due to ehance. 

Slaughter losses. The following table (Table 7) gives the per- 
centage slaughter losses in the various groups. 


Table 7. Slaughter losses. 


Group I 

Group 11 

Group III 

Group IV 

23.5 

21.4 

25.0 

26.0 

22.3 

24.0 

25.6 

26.7 

25.0 

25.2 

30.0 

26.0 

23.5 

23.5 

24.0 

25.2 

25.0 

24.0 

25.5 

26.0 

25,0 

24.8 

25.0 

28.9 

24.0 

25.7 

26.7 

25.0 

24.0 

24.04 

24.07 

25.85 

26.11 


A marked difference is seen between Group I and those getting 
the biggest doses of iodinated casein. Variation analysis gives a 
quotient of 9.10*^*^ for the difference between Groups I and IV. 
The chances are 99 :1 that the slaughter losses were increased by 
the iodinated casein treatment, through the enlargement of the 
digestive organs in response to the increased consumption of fodder. 

Net gain in weight: It is interesting to determine the effect of the 
iodinated casein diet upon useful growth. The previous growth 
values have to be corrected to obtain this value; a proper estimate 
could only be arrived at by knowing the slaughter losses which 
would have occurred at the start of the period. As this is obviously 
impossible, the assumption is therefore made that the slaughter 
losses were affected all through the period to the same extent by 
the iodinated casein diet, and that this was also the case with 
changes in live weight. Some idea of the net gain in useful weight 
can thus be obtained by subtracting from the gross growth the 
percentage of this weight lost through slaughter, found at the end 
of the exi)eriment. The calculated net increase in weight is given 
in Table 8. 
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Table 8. Net daily gain in weight per pig^ in grams. 


Group I 

Group II 

Group III 

Group IV 

538 

580 

667 

682 

527 

760 

654 

710 

643 

663 

415 

591 

504 

565 

695 

748 

491 

651 

660 

687 

695 

586 

765 

414 

591 

631 

670 

518 


660 

639 


556 

637 1 

646 

621 


The ineaii square quotient between the untreated and treated 
animals is 4.63*. After corrections have been made for the increase 
in slaughter losses, the chances are found to be 95 : 5 that this differ- 
ence is greater than 0. 

Fodder consumption. As individual feeding was not practicable, 
the variations within the groups could not be determined; even in 
the case of those pigs with a higher initial weight, it was impos- 
sible to make corrections for fodder consumption. Table 9, there- 
fore, shows the average fodder consumption of all the pigs during 
Period 2. 

The daily fodder consumption per pig in Groups II, III and IV 
exceeded that of the control group by 14.7 %, 27.6 %, and 40.0 % 
respectively. At the same time, the fodder consumption, per kg 
growth, when expressed in feed units is seen to have exceeded that 
of the control group by 2.2 %, 10.8 % and 24.1 %. The average daily 


Table 9. Fodder consumption during Period 2. 


Fodder’s constituents, expressed in 
feed units^, by Chemical analysis 

Group I 

Group II 

Group III 

Group IV 

Skim milk. 

222.3 

220:6 

222.2 

226.8 

Maize . 

430.4 

516.7 

681.0 

597.9 

Oats. 

508.0 

609.8 

686.0 

706.0 

Barley. 

687.9 

705.4 

793.6 

816.8 

Total consumption (F. U.)^. 

1 748.6 

2 052.4 

2 282.8 

2 347.5 

F. U.^ per pig per day. 

2.78 

3.19 

3.55 

3.90 

Percentage gain. 

— 

14.7 

27.6 

40.0 

F. U.^ per kg growth. 

3.70 

3.78 

4.10 

4.69 

Percentaee aain. 

— 

2.2 

10.8 

24.1 


^ F. XJ. Scandinavian feed units. See Table 2. 
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Fig. 4. Feed consumption and net weight increase in percent by feeding different 
amounts of iodinated casein to pigs. (100 percent taken as normal.) 

growth of all animals was, according to Table 5, 776 gm, 858 gm, 882 
gm, and 888 gm, for Groups I—IV respectively; expressed in percent- 
ages over that of Group I the figures for Groups II, III and IV are: 
10,6 %, 13.6 % and 14.4 % respectively. The corresponding percent- 
ages for the »light» pigs, on the other hand, were 14.8 %, 18.7 %, 
and 14.8 %, along with a net growth of 14.6 %, 16.1 % and 11.7 % 
respectively. If the latter figures are compared with the daily increase 
in fodder consumption per pig, Groups I and II are found to have 
almost the same fodder consumption, per kg growth. The percentage 
fodder consumption and net growth with varying doses of iodinated 
casein are' graphically illustrated in Fig. 4. 

The figure reveals that no significant increase was produced in 
fodder consumption per kg growth hy doses of up to 0.5 gm iodi¬ 
nated casein. When the doses exceeded 0.5 gm, the growth stimu- 
lating effect of the iodinated casein falls off simultaneously with a 
Sharp rise in the rate of fodder consumption. Very large doses 
would, presumably, have checked growth. 

By way of introduction, it is mentioned that in an earlier investi- 
gation it had been found that doses of 0.25 gm iodinated casein 
had no significant effect upon growth. In that investigation, how- 
ever, the iodinated casein groups received no more rations than 
the control group. 

A study of the net gain in weight over the whole investigation, 
i. e. during Periods 1 and 2, reveals that in Group II, the per¬ 
centage increase is smaller than over Period 2 alone. Despite 
the ad lihitum feeding during Period 2, the gain in weight of 
the experimental groups is found to exceed that of the control 
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group by 10.2 %, and the odds are 95:6 that this is due to the 
effect of the iodinated casein. II the pigs had been fed ad libiium 
throughout the investigation, the net gain in weight would have 
been at least 10 %, and probably more, so that the time taken to 
rear a pig would have been shortened by 10 to 15 days. 

Even if it were true to say that improvements could be effected 
in the production of fattening pigs through the use of specific doses 
of iodinated casein, many other problems would still await solution. 
One question is whether the dose would have to be kept constant 
per kg live weight throughout the investigation, or whether it 
would have to be increased with the pig^s age. It is possible that 
the size of the dose of iodinated casein would have to correspond 
to the season of the year, i. e. to outside temperatures. There is 
also the possibility that by breaking off the iodinated casein treat- 
ment at a certain time before the pigs reached slaughtering weight, 
better fat formation would be obtained, through taking advantage 
of the subfunctioning of the thyroid induced by the iodinated ca¬ 
sein. Attention should also be drawn to hereditary differences be- 
tween the stocks and breeds of pig. 

Types and appearanee of pigs: As previously mentioned, the 
effect of large doses of iodinated casein was that the treated pigs 
had become longer and longer legged than the control pigs by the 
end of Period 1. Table 10 gives the body lengths at slaughter. 


Table 10. The pigs' body lengths^ in cms. 


Group I 

Group II 

Group III 

Group IV 

99.5 

101.0 

100.0 

98.5 

102.0 

96.5 

97.0 

99.0 

96.5 

96.0 

99.0 

103.6 

100.0 1 

102.5 

96.6 

98.0 

100.0 

97.0 

101.6 

106.5 

96.5 

100.0 

98.0 

103.5 

98.0 

96.6 

99.5 { 

102.6 


102.0 ! 

97.5 1 


98.9 

98.9 

98.6 

101.5 


According to variation analysis, no significant differences occur 
between the body lengths of the different groups. The variations 
within the groups are too wide to make it possible, from the facts 
available, to detect any definite differences in body length growth, 
despite the fact that the difference between Groups I and IV is 
2.6 cms. 

Some of the pigs in Group IV developed stiff joints, and had some 
difficulty in walking. 





Fig. 5. Pig that received 2 gm iodinated caBein per 100 kg weight during 16 weekfl. 


In thc ^roup which received the largest doses of iodinated ca- 
sein, the deposition of the back- and belly fat was more sparinf? tlian 
in the control group. This is illustrated in Table 11, which gives 
other measurements and observations made ac(;ording to the Swe- 
dish pig stock control systern. Pigure 5 shows an animal from 
Group IV before slaughter; Pigure 6 shows a pig from the control 
group pictured the same day as the animal in Pig. 5. 

Seco differenced: A certain amount of differen(*e was found be- 
tween the growth rates and fat deposition of the sows and hogs in 
the control group. The hogs tended to grow more quickly than 
the sows, and their fat was somewhat thicker at slaughter. As this 

Table 11. Meamrements of quality. 



Group I 

Group 11 

Group III 

Group IV 

Length of side, in % of body length 

83.6 

83.2 

83.0 

83.4 

Backfat thicknoss, inm. 

39.8 

40.8 

37.4 

38.6 

BeUy fat thickness, mm. 

33.7 

34.1 

34.2 

32.4 

Shape and evenness of belly, points 

13.2 

13.2 

12.5 

12.7 

» » » » ham, points 

13.7 

12.6 

13.6 

12.7 

Fimmess of fat, points. 

13.3 

13.2 

12.8 

12.8 

lodine content of fat. 

67.3 

67.8 

68.0 

67.4 
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Fig. 6. J’ig from tfie control group without iodinated casein in the feed pietured 
the same day as animal in Fig. 6. 

wiis also found to be the ease in the experimental groups, no dif- 
ferenee <ould be detefted in the effect of the iodinated casein upon 
the hogs and sows. 

Body temperatures: 4 measurements were made of the tempera- 
ture of the rectum, at intervals of three weeks. They were always 
taken at the same time of day, namely, at 9.30 a. m. The first mea- 
surement was taken during the fonrth week of the investigation. 
No defiriite rise was found to have occurred in body temperatures 
as a result of the dosing with iodinated casein. (Table 12.) The 
temperatures in Group IV lay, on the average, slightly higher, 
throughout the investigation, than those in the control group. 

Haemoglohin content: A Hellique Dubosque colorimeter, fitted 
with a standard colour plate, was used to determine the haemoglo- 
bin content of the blood. These determinations were carried out 
on each pig every third week, the blood samples being taken from 
one of the ear veins. A slight, but distinct, lowering of the blood 
haemoglobin content was found to have occurred as a result of the 
iodinated casein treatment. 

Changes in the hypophysis and thyroid: After slaughter, the thy- 
roid and hypophysis were removed, and, after weighing, prepared 
for histological examination. The weight of the thyroid was found 
to have fallen with increasing doses of iodinated casein. No such 
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Table 12. Body iemperature and haemoglobin contenU 



Group I 

Group II 

Group III 

Group IV 

Body temperature, C® 





4th week of experiment. 

39.3 

39.4 

39.4 

39.6 

7th » » » . 

39.3 

39.3 

39.6 

39.6 

lOth » » » . 

39.3 

39.2 

39.5 

39.4 

12th * * » . 

39.1 

39.1 

39.3 

39.1 

Haemoglobin content, mg, per 





100 ml blood 

i 

1 




6th week of experiment. 

16.1 

14.6 

14.4 

13.8 

9th » » » . 

16.1 

14.8 

14.8 

14.1 

12th » » » . 

14.9 

14.9 

14.8 

14.6 


difference in weight, however, could be detected between the weights 
of the hypophyses of the treated and untreated animals. As had 
been anticipated, histological changes had been found in the 
thyroid by the doses of iodinated casein. In the treated groups, the 
epithelial cells of the thyroid were very shallow, and their nuclei 
were flattened; the vacnoles were large, elongated and held a lot 
of coUoid. More varying results were obtained from the study of 
the anterior lobe of the hypophysis. In some cases there had been 
an increase in the number of alpha cells, other cases had a normal 
ratio of alpha to heta cells, while, finally, there were a couple of 
cases in which the proportion of beta cells showed a marked increase. 
A special artide has been devoted to the results of these observations. 

General health of the animals: It has already been mentioned that 
a slight lowering of haemoglobin content and a small rise in body 
temperature was brought about by the largest doses of iodinated 
casein. Skeletal changes also occurred in the Group IV pigs, and 
the animals mobility was reduced. 

Great interest is attached to the question of whether this iodin¬ 
ated casein treatment has any harmful effects. In human beings, 
extreme hyperthyroidal cases, such as Graves disease, are well 
known. Similary conditions have also been produced in domestie 
animals by dosing them with thyroactive preparations, as reviewed 
by Johansson and Koekmann (1946). These experiments were 
carried out mainly on milking cows, in which the foUowing symp¬ 
toms appeared: increased breathing and pulse frequencies, changes 
in blood composition, wasting, and, in some cases, signs of iodine 
poisoning. 

It is clear that in such cases as these, great caution should be 
shown in the practical application of iodinated casein treatment, 
particularly to animals which are productive over several years, 
and require the highest standard of health. 
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In the above mentioned cases, fairly large doses were given with 
the object of trying to effect a big increase in production. Ko close 
check was generally kept of the fodder consumption, which very 
probably compared unfavourably with the number of production 
units owing, like the other evil effects, to overdosage. 

The present authors consider that before treatment with iodinated 
casein can become common practice, a dose shoiild be found which 
enabled the animal to improve its productive capacity through a 
very slight increase in metabolic rate. 

Animals with a high basal metabolic rate due to hereditary or 
other causes would show little effects of this treatment, but those 
suffering from greater or less hypofunction of the thyroid gland 
would react more strongly. Thus, provided that the mineral and 
vitamin food factors were satisfactory, an absolutely safe method 
should thus be found of effecting important increases in produc¬ 
tion. Whether these small doses would also cause undesirable func- 
tional disorders is still questionable. 

The high growth rate of pigs and the shortness of their lives 
means that, breeding animals apart, the length of the iodinated 
casein treatment would be measured in months. Thus the question 
of the long-term evil effects of small doses of iodinated casein be- 
comes, economically, quite meaningless. 

Summary. 

Experiments were carried out to compare the effects upon the 
growth of fattening pigs of diets containing iodinated casein, at 
the rate of 0.5 gm, 1.0 gm, and 2.0 gm per 100 kg live-weight, 
with that of the control diet containing no iodinated casein. Each 
experimental group contained 9—10 pigs. 

The iodinated casein diets were started when the pigs weighed 
about 31 kg, and were continued up to the live-weight of 100 kg. 
For the first weeks, all the groups were given equal amounts of 
fodder, but later on the pigs were allowed to eat ad libitum. The 
activity of the iodinated casein was equivalent to that of ca. 2 % 
synthetic thyroxin. The results of the investigation are summed 
up as follows: 

(1) During the restricted feeding period, the larger doses of 
iodinated casein effected a big fall in growth rate together with 
an increase in the fodder consumption per kg growth. 

(2) During the ad Ubitum feeding period, a marked increase 
occurred in the growth rate of the iodinated casein animals; on the 
average, this amounted to over 100 gm per pig per day more than 
in the control group. 

(3) In spite of the fact that slaughter losses were higher amongst 
the dosed pigs, the net gain in weight was greater in these groups. 
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(4) The increase in fodder consumption was more or less pro¬ 
portional to that of the iodinated casein doses. The fodder con¬ 
sumption per kg growth with doses of 0,5 gm was largely the same 
as in the control group, but with larger doses it was much higher. 

(5) The authors conclude that doses of up to 0.5 gm iodinated 
casein per 100 kg live weight would produce economic gains. The 
growth rate is estimated to be increased by 10—15 % o ver normal 
with hardly no change in fodder consumption per unit of weight 
increase. 

(6) The general health of the animals was apparently unaffected 
by small doses of iodinated casein. 

In this experiment the daily control and care of animals was 
carried out by the assistent Yngve Fredriksson, who also was 
responsible for measurements of the animals’ body temperature 
and haemoglobin rates. 

Chemical analysis of the feed used was carried out by the Che¬ 
mical Institution of the Agricultural College. 
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Wheats from Eastern Tibet. 

By EWERT ÅBERG. 

From the Inatitute of Plant Huabandry {Crop Prodnction), 


Introduction. 

♦ 

During a botanical expedition to Eastern Tibet in 1934—1935 Dr. 
Harhy Smith of the Institute of Taxonomic Botany at the University 
of Uppsala (iollected a few samples of cultivated plants. They were 
in the spring of 1935 handed over to the Institute of Plant Husbandry 
(Crop Production) at the Koyal Agricultural College of Sweden and 
were studied by the writer during a period of years. The samples 
contained barley, wheat, oats and peas. The area from which the 
samples originated was presented in a paper by Smith (1947). In 
earlier publications the barleys were described and diseussed by 
ÅBERG (1938, 1940) and the peas by Lamprecht (1944). The breed- 
ing value of the cereals was diseussed by Åberg (1947). But so far 
no deseriptions of the types of wheats and oats were published. 
The wheats are therefore diseussed in this paper and the oats in a 
paper published simultaneously (Åberg 1948). 

Material. 

The areas around Tachienlu in Eastern Tibet where the material 
was collected are shown in plates I and II. These areas are mainly 
highlands with mountain peaks of approximately 7 000 m in height 
and highland plateaux 2 500—^3 500 m above sea-level. The vegetation 
period amounts to 120—150 days. The climate in the Southern parts, 
Tachienlu and its environs, is rather moist; in the central parts, 
Taining (Tailing, Ngata) and the surrounding countryside, dry; 
while in the north, Taofu (Dawo) and the neighbouring traets, 
it is very dry. According to Cressey (1934) the annual rainfall 
in the border regions between Tibet and China proper varies between 
300 and 800 mm (approximate figures). The first figure applies to 
the northern regions and the latter to the southem. Only for the 
areas around Taofu is there any exaet information concerning the 
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weather available. During the winter months, October to May^ 
there is practically no rainfall, while the summer is the rainy season. 
Heim (1933) gives the foUowing temperature figures for this region: 


Winter Summer 

Minimum temperature . —^24® C +7® C 

Maximum temperature (in the shade).— 3® C -f22®C 


The 21 samples of cultivated plants that Smith brought with him 
to Sweden were divided according to different cereals in the spring 
of 1935 and the quantity of barleys, wheat, oats and peas was 
determined. A complete list of the samples and their components is 
given in the barley publication in 1940 (Åberg). Twelve samples 
contained wheat kernels. The composition of these samples is given 
below. (The sample number refers to the notes on the bags in which 
the samples were brought to Sweden.) 


13060. Barley from Dorje Drag, approximate altitude 2 700 m. 

Quantity 
g 

376.0 
7.6 
0.4 
0.1 
0.2 
4.0 

Total 388.2 


13061. Mixture from Tainirvg, aU. 3 500 m. + 

Barley. 72.0 

Wheat. 26.0 

Peae. 0.6 

Oats. 0.4 

Weeds. 0.1 

B.e8idue. 3.2 


Total 102.2 

13062. Spring barley from Maoniu {Ndröme), alt. 3 000 m. 

Barley. 32.9 

Wheat. 13.2 

Oats. 0.1 

Weeds. 0.1 

Residue. 3.0 


Total 49.3 


Barley.. 
Wheat.. 
Peas... 
Oats. . . 
Weeds.. 
Residue 


13063. Winter barley from Maoniu, alt. 3 000 m. 


Barley. 120.6 

Wheat. 11.4 

Weeds. 0.1 

Residue. 0.9 


Total 133.0 
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13064* WhecU from TaofUt aU, 3 000 m 4-. 


Wheat.. 

Barley.. 

Oats. . . 

Kesidue 

Total 161.3 


13066* Barley from Taining, aU, 3 500 m4. 

Barley. 354.0 

Wheat. 1.1 

Oats. 0.2 

Weeds. 0.9 

Kesidue. 28.4 

Total 384.6 

13067, Barley from Taining, alt, 3 600 m-f. 

Barley. 45.8 

Wheat. 0.2 

Weeds. 0.1 

Kesidue. 0.7 


Total 46.8 


Quantity 

g 

156.9 

3.8 

0.1 

0.5 


13073, Wheat from the area around Oongka, approz, alt, 3 500 m (ohtained in 


Dorje Drag), 

Wheat. 158.0 

Barley. 6.6 

Peas. 0.1 

Weeds. 0.1 

Kesidue. 0.5 

Total 164.3 

13075, Wheat from Kangting, approx, alt, 2 600 m, 

Wheat. 7.6 

13076, Wheat collected near Chungo, approx, alt, 3 500 m, 
Wheat. 13.4 

13077, Spring wheat from Maoniu, approx, alt, 3 000 m, 

Wheat. 132.0 

Barley. 0.6 

Weeds... 0.1 

Kesidue. 0.4 

Total 133.1 

13078* Winter wheat from Maoniu, approx, alt. 3 000 m, 

Wheat. 124.0 

Barley. 0.6 

Oats. 0.1 

Peas. 0.1 

Weeds. 0,1 

Kesidue. 1.3 


Total 126.2 
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The material contained spring types as well as winter types. 
In the field the Swedish strains Diamant I, Diamant II and Atle 
were used as check strains for the spring types. For the winter 
types the two Swedish winter wheats Ergo and Thnle II were grown 
as checks. 


Methods. 


The material was grown at Ultuna in the middle part of Sweden 
(about 40 miles north of Stockholm). It was grown during the 
period 1935 to 1940 and again in 1946 and 1947. In the years in 
between it was not grown due to the writer’s absence from the 
institute. Ultuna is situated between 59° and 60° north latitude 
and is characterised by a rather hard climate. The means for the 
years 1935 to 1940, 1946 and 1947 are as follows: 


Mean 


Maximum 


Minimum 


temperature temperature temperature 


Precipitation 


Number of days with 
froezing temperatures 


6.1 


30.8 


—22.3 


mm 

537 


155 


The material was studied in the following ways. 

1) Growing in the field, in cages or in greenhouses for determination 
of morphological, genetic and agronomic chara(*.ters. In the field 
plots material was collected for more detailed studies of certain 
characteristics. 

2) Determination in the laboratory of characters of ripe heads and 
kernels. 

3) Determination in the laboratory of certain quälity factors such 
as kernel weight, protein and gluten content, gluten quality and, 
in a few cases, baking quality. 

4) Determination of number of chromosomes. 

The field studies started in the spring of 1935. At that time only 
half of the original material was seeded, while the rest of the material 
was seeded in the fall of the same year, Thereby spring and 
winter types were separated. The seeding during the period 1935 
to 1938 was made by spacing 150 seeds or all the seeds if the total 
amount did not reach that figure. What was left after 150 seeds 
had been space planted was drilled in. During 1939 to 1940 and 1946 
to 1947 the material was drilled in. The nursery rows were 1.5 or 
2 m long. During all the years the check strains were seeded by the 
same method as the Tibetan material. Likewise the check strains 
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were used in the cages or in the greenhouses when the material was 
grown there. 

Dnring the vegetation period notes were taken on the above 
mentioned characters. Heads were collected and used for the labora- 
tory studies and seeds were obtained for quality determination. 
The density of the heads was measured according to the method 
used in barleys by Åberg (1938) and by Åberg and Wibbe (1946), 
other characters were determined in accordance with the system 
employed by Clark, Martin and B all (1922) and by Clark and 
Bayles (1935, 1942). Protein was determined by the Kjehldahl 
method, gluten content by determination of wet gluten (Kent- 
Jones &> Amos 1947), and gluten quality according to the dough 
hall test with whole flour as deviced by Pelshenke (1938). Baking 
tests, when made, were carried out by the Upsala Ångqvarns Aktie¬ 
bolag, Uppsala (Upsala Steam Milling Co., Uppsala). Por the 
baking test 750 g flour was used of each tested strain. 

The number of chromosomes was determined on root tips. The 
were found to be 2 n == 42 for all strains but “Su”.^ Por this strain 
the number 2 n == 28 was found. The five populations in the material 
had the chromosome number 2 n = 42. 

The determination of chromosome numbers was made by Miss 
Gurli Persson. In taking the detailed notes on the material valuable 
help was received by Mr. N. Schwanbom, Mr. Y. Hörberg and Miss 
Carry Humler. The Chemical analyses of the material were made 
at the Chemical Analytical Laboratory at the college. 


Description of types. 


Principles of description. 

At several earlier occasions the morphological characters and their 
descriptive value were studied and discussed. Körnicke (1885) 
ga ve a detailed description of numerous characters but, unfortunately, 
he grew his material only in one place, Poi)pelsdorf in Germany. 
Still, the best characters for use in classification work were already 
then given by him as has later on been proved by other scientists. 
The variety names he ga ve are still being used. Percival (1921) 
giving detailed descriptions of wheat strains which he had obtained 
from different localities followed Körnickb^s system and employed 
his names. Thereby he went a step further than Körnicke. How- 


^ Spring wheat Btrains were naxned with a S and a letter given in alphabetical 
order, winter wheat strains with a W and a letter, 

13 —47400 Lantbrukåhöffakolana Annaler. Vol. lö 
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ABD, Howard and Khan (1922) went fnrther in their descriptions 
of wheatB than Köbnicke had done. They divided the varieties 
into types and gave short descriptions of each one of them. None 
of these publications, however, gave as a background to their descrip¬ 
tions such a report on the studies of the value of morphological 
characters for classification of cultivated strains that it can be 
considered worthy of a more general application. This was actually 
first done by Clark, Martin and Ball (1923) when they classified 
American wheat varieties with the emphasis on cultivated wheats. 
In their publication the value of a character for classification was 
determined mainly on observations in the Western United States. 
It was carried further in two bulletins by Clark and Bayles (1935 
and 1942) founded on observations made in all parts of the United 
States. The principles advanced by Clark, Martin and Ball 
and later by Clark and Bayles remain, even to-day, the most useful 
ones as far as description of cultivated plants are cono^rned. It is 
true that Flaksberger (1935, 1939) published detailed papers on 
the classification of wheats. Particularly interesting in his papers 
is his new key to the species of the genus Tritieum, This was trans- 
lated and published by Clark and Bayles in 1942. Flaksberger’8 
idea that it would be possible to make a new system differing from 
that of Körnicke^s by being a natural one instead of an artificial 
one does not seem very easily applicable. In Flaksbebger’s system 
Triticum vulgäre Host. was divided into subspecies. These were 
divided into proles, which were again divided into subproles. Further- 
more the material was divided into groups and varieties. The proles 
and subproles were supposed to be morphological-ecological groups 
and the groups and varieties are taxonomic groups. As it is ap- 
parently necessary to use the systems side by side rather than to 
combine them it seems to be rather difficult to gain a clear picture 
of the material by using the scheme that Flaksberger advanced 
in 1935. Eather a more unified system would be desirable and will 
pwhaps appear. But until then it seems necessary to use the prin¬ 
ciples first advanced by Köbnicke and in their most complete form 
for the cultivated wheats given in the bulletin by Clark and Bayles 
(1942). To a certain extent the breeding value of the material was 
studied and the results are mentioned in the descriptions. In that 
case the principles applied by Lange-de la Camp (1939) were fol- 
lowed. 

Of the characters studied the following have been found useful: 

Physiologicäl and morphological characters: 

Type of early growth 

Color of basal leaf sheaths 

Hairiness of basal leaf sheaths 
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Waxiness of leaf sheaths 
Color of auricles 
Hairiness of auricles 
Hairiness of nodes 
Size of flagleaf 
Size of other leaves 
Plant height 

Distance flagleaf to spike 

Size and shape of spike 

Number of spikelets per spike 

Number of grains per spikelet 

Density of spike 

Length of awns 

Appearance of awns 

Color of awns 

Barbs on awns 

Color of glumes 

Hairs on glumes 

Teething on glume nerve 

Size of glumes 

Shape of shoulders 

Shape and length of beak 

Color of kemels 

Shape of kemels 

Length of kemels 

Softness of kemels 

Width and depth of crease 

Shape of cheeks 

Size and length of kemel brush 

AgronomiCj paihological and quality characters: 

Heading time 
Ripening time 
Stiffness of straw 

Resistance to mildew {Erysiphe gramtms DC.) for the spring 
types 

Resistance to leaf rust {Puccinia glumartm {Schm.] Eriks. o. 
Hen.) • 

Resistance to black chaff (Bacterium tranalvcem J. J. R. var. 

undtdoaum E. F. S.) 

Kemel weight 
Protein content 
Gluten content 
Gluten quality 

Baking quality (in a few types). 
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Swedish spring wheats used as checks. 

Strains belonging to Triticum vulgäre Host. var. milturum Kcke. 
Diamant 1. 

Deacription, — Early growth erect; basal leaf sheaths faintly purple, 
strongly hairy; leaf sheaths waxy; auricles white with purple streaks, hairy; 
nodes non-hairy or sparsely hairy; flagleaf 12 to 18 cm long, 10 to 15 mm 
wide, other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 95 to 100 
cm tall; distance flagleaf to spike 20 to 25 cm; spikes oblong, 9 to 11 cm 
long, face side 10 to 14 mm wide, lateral side 6 to 10 mm wide; spikelets 
16 to 18, 3- or 4-grained; density = 6.6; spikes awnless or with a few awn- 
lets at the tip of the spike; glumes red, glabrous, with few to several teeth 
on the nerve, 8 to 10 mm long, 3 to 4 mm wide; shoulders narrow, square; 
beak mid-wide, obtuse, 0.5 to 1 mm long; kemels red, elliptical, 6 to 7 mm 
long, semihard to hard; creaae mid-wide, mid-deep; cheeks roiinded; brush 
mid-sized, mid-long. The spikes agree very well with those of Diamant II 
and can be illustrated by this latter variety (Plate III: 1). 

Heading time 65 days; ripening time 111 days; straw weak; resistance 
to mildew and leaf rust poor; kemel weight 36.7 g; protein contont 17.0 
per cent; gluten content 37 per cent; gluten quality 49. 

Diamant II. (Plate 111:1.) 

Deacription, — Early growth erect; basal leaf sheaths faintly purple, 
strongly hairy; leaf sheaths waxy; auricles white with purple streaks, hairy; 
nodes sparsely hairy; flagleaf 12 to 18 cm long, 10 to 15 mm wide, other 
leaves 15 to 20 cm long, 10 to 15 mm wide; plants 95 to 105 cm tall; dis¬ 
tance flagleaf to spike 20 to 25 cm; spikes oblong, 9 to 11 cm long, face 
side 10 to 14 mm wide, lateral side 6 to 10 mm wide; spikelets 16 to 18, 
3- or 4-grained; density = 6.6; spikes awnless or with a few awnlets at the 
tip of the spike; glumes red, glabrous with few to several teeth on the nerve, 
8 to 10 mm long, 3 to 4 mm wide; shoulders narrow, square; beak midwide, 
obtuse, 0.5 to 1 mm long; kernels red, elliptical, 6 to 7 mm long, semihard 
to hard, crease mid-wide, mid-deep, cheeks rounded; brush mid-sized, mid- 
long. 

Heading time 65 days; ripening time 111 days; straw weak; resistance 
to mildew and leaf rust poor; kernel weight 37.6 g; protein content 16.2 
per cent; gluten content 35 per cent; gluten quality 59; bread volume 860 
(1943) and 710 (1946). 

Strains belonging to Triticum vulgäre Host. var. lutescens Kcke. 
Atle. (Plate III: 2.) 

Deacription, — Early growth erect; baeal leaf sheaths green or faintly 
purple, strongly hairy; leaf sheaths waxy; auricles white or with a few 
purple streaks, hairy; nodes hairy; flagleaf and other leaves 15 to 20 qm 
long, 10 to 15 mm wide; plants 85 to 95 cm tall; distance flagleaf to spike 
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15 to 25 cm; spikes oblong, 8 to 10 cm long, face side 10 to 12 mm wide, 
lateral side 8 to 10 mm wide; spikelets 16 to 18, 3- or 4-grained; density 
= 5.7; spikes awnless or with a few awnlets at the tip of the spike; glumes 
white, glabrous, with several teeth on the nerve, 7 to 8 mm long, 3 to 5 
mm wide; shoulders mid-wide, square; beak mid-wide, obtuse, 0.5 to 1 mm 
long; kemels red, elliptical, 7 to 8 mm long, semihard; crease mid>wide, 
shallow; cheeks roimded; brush mid-sissed, mid-long. 

Heading time 68 days; ripening time 115 days; straw medium good to 
weak; resistance to mildew and leaf rust poor; kemel weight 31.2 g; protein 
content 14.9 per cent; gluten content 26 per cent; gluten quality 48. 


Tibeian spring wheats. 

Strains belonging to Triticum vulgäre Host. var. ferrugineum Kcke. 


Awns 0.5 to 4 cm long 

Plants 60 to 70 cm tall; spike density = 6.8. strain “Sa” 

Plants 85 to 90 cm tall; spike density = 5.0. strain “Sf” 

Plants 95 to 100 cm tall; spike density = 5.0. strain “Se” 

Plants 95 to 100 cm tall; spike density = 3.3. strain “Sd” 

Awns 3 to 6 cm long; plants 85 to 90 cm tall. strain “Sb” 

Awns 4 to 7 cm long; plants 90 to 95 cm tall. strain “Sc” 


Strain '‘Sa’’ (Plate III:3). 

Plants from sample collected at Dorje Drag (13060). 

Deacription, — Early growth erect; basal leaf sheaths purple, non-hairy 
to sparsely hairy; leaf sheaths waxy; auricles white or faintly purple, hairy; 
nodes hairy; flagleaf 10 to 15 cm long, 6 to 8 mm wide, other leaves 15 to 
20 cm long, 10 to 12 mm wide; plants 60 to 70 cm tall; distance flagleaf 
to spike 20 to 25 cm; spikes oblong, 7 to 9 cm long, face side 8 to 9 mm 
wide, lateral side 7 to 8 mm wide; spikelets 10 to 12, 3- or 4-grained; den¬ 
sity = 6.8; awns 0.5 to 4 cm long, divergent, sometimes claw-like, red with 
numerous teeth; glumes red, glabrous with numerous teeth on the nerve, 
8 to 10 mm long, 3 to 4 mm wide; shoulders narrow, oblique; beak narrow, 
accuminate, 1 to 3 mm long; kemels red, elliptical, 7 to 9 mm long, semi¬ 
hard; crease mid-wide, mid-deep; cheeks angular; brush mid-sized, mid-long. 

Heading time 58 days; ripening time 104 da^s; straw weak; resistance 
to mildew and leaf rust very poor; kemel weight 33.1 g; protein content 
17.8 per cent; gluten content 36 per cent; gluten quality 48. 

Strain "Sb” (Plate III: 4). 

Plants from a sample collected at Taining (13067) and from one 
obtained at Dorje Drag but originating from the area of Gongka 
(13073). 

Deacription, — Early growth erect; basal leaf sheaths purple, hairy; leaf 
sheaths waxy; auricles white or white with a few purple streaks, hairy; 
nodes hairy; flagleaf and other leaves 15 to 20 cm long, 8 to 10 mm wide; 
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plants 85 to 90 cm tall; distance flagleaf to spike 15 to 20 cm; spikes oblong^ 
7 to 9 cm long, face side 9 to 11 mm wide, lateral side 7 to 9 mm wide; 
spikelets 12 to 14, 3>grained; density = 6.4; awns 3 to 6 cm long, red, with 
numerous teeth; glumes red, glabrous with numerous teeth on the nerve, 
7 to 8 mm long, 3 to 4 mm wide; shoulders narrow, oblique; beak narrow, 
accuminate, about 2 mm long; kernel red, elliptical, 7 to 8 mm long, semi- 
hard; crease mid-wide, mid-deep to deep; cheeks angular to rounded; briish 
mid-sized, mid-long. 

Heading time 64 days; ripening time 105 days; straw weak; resistance 
to mildew and leaf rust poor; kernel weight 37.0 g; protein content 18.3 per 
cent, gluten content 42 per cent; gluten quality 43.2; bread volume 900 
(1943) and 730 (1946). 

ötrain ''Se’’ (Platc IV: 1). 

Plants from samples collected at Taofu (13064) and Taining (13066). 

Description. — Early growth erect; basal leaf sheaths purple, hairy; leaf 
sheaths waxy; auricles white, hairy; nodes hairy or sparsely hairy, flagleaf 
10 to 15 mm long, 8 to 10 mm wide, other leaves 15 to 20 cm long, 8 to 10 
mm wide; plants 90 to 95 cm tall; distance flagleaf to spike 20 to 30 cm; 
spikes oblong, 7 to 8 cm long, face side 12 to 14 mm wide, lateral side 8 to 
10 mm wide; spikelets 13 “15, 3- or 4-grained, density — 6.3; awns 4 to 
7 cm long, divergent, red, with numerous teeth; glumes red, glabrous, 
with several to numerous teeth on the nerve, 7 to 8 mm long, 3 to 4 mm 
wide; shoulders narrow to mid-wide, oblique to rounded; beak narrow to 
mid-wide, accuminate, 2 to 3 mm long; kemels red, elliptical, 6 to 8 mm 
long, semihard; crease mid-wide, mid-deep; cheeks rounded; brush mid- 
sized, mid-long. 

Heading time 64 days; ripening time 106 days; straw medium good; 
resistance to mildew medium good, resistance to leaf rust poor; kernel 
weight 38.9 g; protein content 19.0 per cent; gluten content 40 per cent; 
gluten quality 45; bread volume 710 (1946). 

Strain '‘Sd’' (Plate IV: 2). 

Plants from sample collected at Maoniu (13063). 

Deacription, — Early growth erect; basal leaf sheaths faintly purple, 
non-hairy; leaf sheaths waxy; auricles white or with a few purple streaks, 
hairy; nodes sparsely hairy; flagleaf and other leaves 15 to 20 cm long, 10 
to 15 mm wide; plants 95 to 100 cm tall; distance flagleaf to spike 15 to 
20 cm; spikes oblong, 5 to 6 cm long, face side 12 to 14 mm wide, lateral 
side 10 to 12 mm wide; spikelets 18 to 20, 4-grained, density = 3.3; awns 
0.5 to 4 cm long, sometimes curled or claw-like, red with numerous teeth; 
glumes red, glabrous, with numerous teeth on the nerve, 6 to 7 mm long, 
3 to 4 mm wide; shoulders mid-wide, oblique; beak narrow, accuminate, 
1 to 3 mm long; kernel red, elliptical, 6 to 7 mm long, semihard; crease 
mid-wide, mid-deep; cheeks angular; brush mid-sized, mid-long. 
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Heading time 69 days; ripening time 113 days; straw medium good to 
weak; resiatanoe to mildew and leaf rust medium good; kemel weight 30.0 
g; protein oontent 16.7 per cent; gluten content 35 per cent; gluten quality 
46. 


Strain (Plate IV; 3). 

Plants from sample collected at Taining (13061). 

Description, — Early growth erect; basal leaf sheaths faintly purple, 
moderately hairy; leaf sheaths waxy; auricles white, hairy; nodes sparsely 
hairy; flagleaf 12 to 17 cm long, 12 to 15 mm wide, other leaves 15 to 20 
cm long, 12 to 15 mm wide; plants 95 to 100 cm tall; distance flagleaf to 
spike 20 to 25 cm; spikes oblong, 6 to 8 cm long, face side 12—15 mm wide, 
lateral side 10 to 12 mm wide; spikelets 16 to 18, 3- or 4-grained; density 
— 5.0; awns 0.5 to 4 cm long, sometimes missing, red, with numerous teeth; 
ghimes red, glabrous, with numerous teeth on the nerve, 7 to 8 mm long, 
4 to 5 mm wide; shoulders wide, oblique; beak narrow, accuminate, 1 to 
3 mm long; kernels red, elliptical, 7 to 8 mm long, semihard; crease mid- 
wide, mid-deep; cheeks angular; brush large, long. 

Heading time 72 days; ripening time 110 days; straw medium good to 
weak; resistance to mildew medium good, resistance to leaf rust poor; kernel 
weight 36 g; protein content 18.5 per cent; gluten content 37 per cent; 
gluten quality 51. 

Strain (Plate IV: 4). 

Plants from samples collected at Maoniu (13062, 13077, 13078) 
and at Taofu (13064). 

Deacription. — Early growth erect; basal leaf sheaths faintly purple, 
moderately hairy; leaf sheaths waxy; auricles white or with a few purple 
streaks, hairy; nodes sparsely hairy; flagleaf 10 to 15 cm long, 10 to 12 mm 
wide, other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 85 to 90 
cm tall; distance flagleaf to spike 15 to 20 cm; spikes oblong, 6 to 8 cm 
long, face side 12 to 15 mm wide, lateral side 8 to 10 mm wide; spikelets 
14 to 16, 3- or 4-grained, density = 5.0; awns 0.5 to 4 cm long, sometimes 
curled or clawlike, red, with numerous teeth; glumes red, glabrous with 
several teeth on the nerve, 7 to 9 mm long, 4 to 5 nnm wide; shoulders mid- 
wide, oblique to rounded; beak narrow to mid-wide, accuminate, 2 to 5 
mm long; kernels red, elliptical, 7 to 8 mm long, semihard; crease mid-wide 
to wide, mid-deep to deep; cheeks angular; brush mid-sized, mid-long. 

Heading time 67 days; ripening time 112 days; straw weak; resistance 
to mildew and leaf rust medium good; kemel weight 39.6 g; protein oontent 
20.7 per cent; gluten content 44 per cent; gluten quality 46. 


The six strains belonging to var. ferrugineum are all typical re¬ 
presentatives of the yariety. Already in 1885 Köbnicke States about 
the variety jerrugineum that it contains wheats from many countries. 
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As examples he mentions Germany, Turkestan, the islands of Åland 
and northern Sweden. Howard, Howard and Khan (1922) mention 
some agricultural types from Bihar and Orissa that vary considerably 
in earliness. Percival (1921) describes 13 strains from different 
parts of the world and Lange de la Camp (1939) discusses the 
difficulties in separating the material as the strains are qnite similar. 
Percival stresses the high baking quality of the strains within the 
variety. The results from the material described above agree very 
well with this statement. Also the material described here, agrees 
well with the taxonomic characters as given by the just mentioned 
authors. A comparison with the data on earliness as given by How¬ 
ard, Howard and Khan would indicate that within the material 
there are a very early strain (‘^Sa’’), early strains (‘‘Sb^^, “Sc^’) 
and strains intermediate in earliness (“Sd^^, ‘‘Se’^ ‘‘Sf’^). 

All the strains except ‘^Sd’’ must be considered as belonging to the 
group with lax spikes. This will seem very natural as Percival 
(1921) States that types with dense spikes are exceptionally rare in 
this variety. It is interesting, however, to find among the material 
from Eastern Tibet a dense-eared strain, which indicates that in 
the Eastern Tibetan hills various strains of this variety will exist. 
This is further emphasized by the fact that among the lax strains 
a couple (^‘Se” and “Sf’’) are differing by being slightly denser than 
the other strains. The spikes of a couple of the strains are rather 
thin and narrow, being only 8 to 11 mm across the face side and 7 
to 9 mm across the lateral side. Thereby they differ from the rest 
of the material that reaches a width across the face side of 12 to 
15 mm and across the lateral side of 8 to 12. Typical of the material 
within the variety is its poor resistance to leaf rust and mildew. 
Some of the strain are very poor or poor in resistance to both of the 
diseases, other reach a medium good resistance but no one could be 
classified as having a good resistance. 


Strains belonging to Triticum vulgäre Host. var. milturum Kcke. 


Spike density = 3.3. strain Sg” 

Spike density == 4.0. strain “Sh” 


Strain ''Sg^' (Plate V:l). 

Plants from sample coUected at Maoniu (13063). 

Deacription. — Early growth erect; basal leaf sheaths purple, hairy; leaf 
sheaths waxy; auricles white or white with a few purple streaks; nodes 
hairy; flagleaf and other leaves 15 to 20 cm long, 10 to 16 mm wide, plants 
96 to 100 cm tall; distance flagleaf to spike 16 to 20 cm; spikes oblong, 6 
to 8 cm long, face side 12 to 14 mm wide, lateral side 10 to 12 mm wide; 
spikelets 10 to 20, 4-grained, density == 3.3; spikes awnless or with awn- 
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Map of South-oastoni Asia. The area within the rectangle is reproducod on a 
larger scale on plate II. 







Plv. II. 
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The area in the reotangle on plate I. The shaded part is the region visited by 

Smith. 






Pl. III. 



1. The Swedish check strain of spring wheat, Diamant II. x */*. 

2. The Swedish check strain of spri^ wheat, Atle. x a/,. 

3. Triticum vulgäre Host. var. ferrugineum Kcke., strain *‘Sa”. x s/g. 

4 . 0 » » » 9 9 f >> “Sb”. X s/g. 








Pl. IV. 



1. Triticum vulgäre Host. var. ferrugineum Kcke., strain “Sc”. x */a. 

2. » » »» » “Sd”. X */j. 

3. » »> »» I» »,» “Se”. X »/g. 

4. » » » » » » , » “Sf”. X a/g. 







Vu V. 



1. Tritlcxm vulgäre Host. var. milturum Kcke., strain “Sg”. X •/,. 

2. » » » » » » , » -‘‘Sh’-’. X •/,. 

3. » » » » lutescenn » , » “Si”, x 

4. »> D » »> » »> , » “Sk”. X */3. 







Pl. VI. 







Pl. VII. 



1. Triticum vulgäre Host. var. harharoasa Kcke., strain 

2. » » ») » 'pyrothrix ^ , » “Sr”. ^ */j. 

3. Triticum convpactum Host. var. Wittmackianum Kcko., strain “St”. 

4. Triticum durum Desf. var. ajjine Kcke., strain “Su”. x Vi- 







Pl. VIII. 



1. Tn^icum Host. var./errwgrtncMW Kcke., population 1, face side. x Vs 

2. » » » » » »,» 2, lateral side. x 




Pl. IX. 



1. The Swedish check strain of winter wheat, Thule II. x */j. 

2. The Swedish check strain of winter wheat, Ergo. x »/j. 

3. Triticuni vulgäre Host. var. ferrugineum Kcke., strain *‘Wa”. x 

4. ►> » ►> » » » “Wb”. X »/a. 






Pl. X. 



1. Triticum vulgäre Host. var. jerru^neum Kcke., strain “Wc”, x »/j, 

2. D » t> » miUurum » , » “Wd”. x */,. 

3. » » i> » erythrospermum Kcke., strain “Wf”. x »/g. 

4. i> » » luteecens » , » “We”. x */g. 






Pl. XL 







Pl. XIT. 



1. Triticum vulgäre Host. var. fiostianum Kcke., strain “Wl”. > 

2, Population 5 from a spontaneous cross var. luleftceua x var. erythroapermum^ 
face side. x 2/g. 

f3. Population 5 from a spontaneous cross var. lutescens x var. erythrospermumf 
lateral side. x 
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lets; glumes red, glabrous, with numerous teeth on the nerve, 6 to 7 .nini 
long, 4 to 5 mm wide; shoulders mid-wide, oblique; beak narrow, acomm- 
nate, 1 to 3 mm .long; kernde red, eliipticaJ, .5 to 7 mm long, semihard; 
creåse mid-wide, mid-deep; cheeks angular; brush mid-sized, mid-long. 

Heading time 71 daya; ripening time 116 days; straw medium good; 
resistauoe to mildew and leaf rust medium good; kemel weight 28.6 g; 
protein content 15.6 per cent; gluten content 26 per cent; gluten quality 
48. 


Strain (Plate V:2). 

Plants from sample collected at Taofu (13064). 

Deacription, — Early growth erect; basal leaf sheaths faintly purple, 
sparsely hairy; leaf sheaths waxy; auricles white, hairy; nodes sparsely 
hairy; flagleaf and other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 
90 to 95 cm tall; distance flagleaf to spike 15 to 25 cm; spikes oblong, 7 
to 8 cm long, face side 10 to 12 mm wide, lateral side 8 to 10 mm wide; 
spikelets 14 to 16, 3- or 4-grained; density = 4.9; spikes awnless; glumes 
red, glabrous, with few to several teeth on the nerve, 7 to 8 mm long, 4 to 
5 mm wide; shoulders mid-wide to wide, rounded; beak narrow, accuminate, 
2 to 3 mm long; kemels red, elliptical, 7 to 8 mm long, soft to semihard; 
crease wide, deep; cheeks angular; brush mid-sized, mid-long. 

Heading time 69 days; ripening time 114 days; straw weak; resistancé 
to mildew and leaf rust quite poor; kemel weight 42.5 g; protein content 
19.9 per cent; gluten content 39 per cent; ghiten quality 49. 


About the variety milturum Percival says in 1921 that it is one 
of the most widely distributed varieties of Triiicum vulgäre, He 
mentions one strain of the variety from Chungking. It is described 
by Percival as being very early and producing a large number of 
small grains. None of the two strains, des^jribed here, can be con- 
sidered as early but rather as medium early. Consequently both of 
them are different from the one described by .Percival. One of th^ 
strains, ‘‘8g’’, agrees well with Percival’8 type as far as kemel 
size is concerned. Its kernel weight is only 23.5 while the kernel 
weight of the other strain is 42.5 g. Of the variety milturum Howard, 
Howard and Ehan (1922) found three isitrains in Bihar and Orissa; 
being early, medium early and late. All of these were characterised 
by susceptibility to rusts and by having a weak straw. Strain “Sh” 
agrees well with these characteristics while “8g” seems to be a little 
better than the strains from Bihar and Orissa. Also with the material 
from the German Hindukusch Expedition as describ^^ by Lange 
DB LA Camp (1939) the material reported on here shows sirnUaritiesi 
l^one of the strains are, however, identical with any-of the types of 
Lange de la Camp. . * 
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Strains belonging to Triticum vulgäre Host. var. lutescena Kcke. 


Leaves, leaf sheaths, stems and spikes waxy 

Spike density = 3.2. strain “Si** 

Spike density = ö.O... strain “Si** 

Leaves, leaf sheaths, stems and spikes practically non-waxy. streun “Sk** 


Strain (Plate V:3). 

Plants from samples coUected at Maoniu (13062, 13063, 13077, 
13078). 

Deacription. — Early growth erect to semiprostrate; basal leaf sheaths 
faintly purple, hairy; leaf sheaths waxy; auricles white or faintly purple, 
hairy; nodes hairy; flagleaf and other leaves 15 to 20 cm long, 10 to 15 mm 
wide; plants 105 to 125 cm tall; distance flagleaf to spike 15 to 20 cm; spikes 
oblong, 5 to 7 cm long, face side 12 to 14 mm wide, lateral side 10 to 12 
mm wide; spikelets 16 to 20, 4- or 5-grained; density = 3,2; spikes awnless 
or with awnlets; glumes white, glabrous, with numerous teeth on the nerve, 
6 to 8 mm long, 3 to 5 mm wide; shoulders mid-wide to wide, oblique to 
rounded; beak narrow, accuminate, 1 to 2 mm long; kemels red, elliptical, 
6 to 7 mm long, semihard; creaee mid-wide, mid-deep; cheeks angular; 
brush mid-sized, mid-long. 

Heading time 72 days; ripening time 121 days; straw medium good to 
weak; resistance to mildew and leaf rust quite poor to poor; kemel weight 
33.8 g; protein content 16.7 per cent; gluten content 34 per cent; gluten 
quality 51.6. 

Strain ^^Sk’^ (Plate V:4). 

Plants from sample coUected at Maoniu (13063). 

Deacription, — Early growth erect; bctöal leaf sheaths purple, hairy; leaf 
sheaths practically non-waxy; auricles white with purple streaks, hairy; 
nodes sparsely hairy; flagleaf 10 to 15 cm long, 10 to 15 mm wide; other 
leaves 15 to 20 cm long, 10 to 15 mm wide; plants 95 to 100 cm tall; dis¬ 
tance flagleaf to spike 15 to 20 cm; spikes oblong, 6 to 7 cm long, face side 
10 to 12 mm wide, lateral side 8 to 10 mm wide; spikelets 16 to 20, 4-grai- 
ned, density «= 3.5; spikes awnless or with awnlets; glumes white, glabrous, 
with numerous teeth on the nerve, 6 to 7 mm long, 5 to 6 mm wide; shoul- 
ders wide, oblique; beak narrow, accuminate, 2 mm long; kemels red, el¬ 
liptical, 6 to 7 mm long, semihard; crease wide, mid-deep; cheeks angular; 
brush mid-sized, mid-long. 

Heading time 71 days; ripening time 120 days; straw medium good; 
resistance to mildew and leaf rust medium good, kemel weight 32.8 g; 
protein content 17.9 per cent.; gluten content 38 per cent; gluten quality 57. 

Strain ^‘SP» (Plate VI: 1). 

Plants from samples coUected at Kangting (1307Ö) and at Maoniu 
(13077). 

Deacription, — Early growth erect, basal leaf sheaths green or faintly 
purple, hairy; leaf sheaths waxy; auricles white or with a few purple streaks. 
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hairy; nodes hairy; flagleaf and othe^ leaves 10 to 15 cm long, 10 to 15 mm 
wide; plants about 100—105 cm tall; distanoe flagleaf to spike 15 to 20 cm; 
apikes oblong, 7 to 9 cm long, faoe side 10—12 mm wide, lateral side 8 to 
10 mm wide; spikelets 15 to 18, 3- or 4-grained; density =« 5.0; spikes awn- 
less; glumes white, 7 to 8 mm long, 3 to 5 mm wide; shoulders mid-wide, 
apiculate; beak mid-wide to wide, accuminate, 0.5 to 1 mm long; kemels 
red, elliptical, 6 to 8 mm long, semihard; crease mid-wide, deep; cheeks 
angular to roimded; brush mid-sized, mid-long. 

Heading time 71 days; ripening time 118 dajrg; straw weak; resistance 
to mildew and leaf rust quite poor; kemel weight 36.0 g, protein content 
17.1 per cent; gluten content 40 per cent; gluten quality 60. 

In the spring wheat material there were found only tbree strains 
belonging to var. lutescens in spite of the fact that the variety, accord- 
ing to Percival (1921), contains the largest number of strains 
of any variety of Triticum vulgäre, 

This may, however, be in good agreement with the distribution 
of the variety over the world. It is mainly found in Western Europé, 
Australia and New Zeeland (Percival 1921). In Percival’s list 
there are no strains from Tibet or China. In Howard, Howard 
and Khan’s publication of 1922 only one strain is mentioned from 
Bihar and Orissa. The strains from Eastem Tibet wUl perhaps not 
represent anything entirely new as the large number of strains 
within the variety undoubtedly means that similar types have been 
found at earlier times. Interesting is, however, that strain ‘^Sk’^ 
almost completely lacks the waxiness of leaves, leaf sheaths, stems 
and spikes. In fact there is so little of it that the plants in the 
field appear without waxiness and only a very close investigation will 
reveal the presence of waxiness. Such a strain is of course nothing 
unusual among genetic material but the fact that it has not been 
mentioned in the wheat literature, available to me, indicates that 
it is not common. The East-Tibetan strains within the variety 
lutescens are all late. They have only a poor to medium good disease 
resistance. Their gluten quality is, however, good to very good. 

Strams belonging to Triticum vulgäre Host. var. erythrospermum Kcke. 


Spike density « 7.8; awns 1 to 3 cm long.,....strain “Sm” 

Spike density = 6.5; awns 1 to 6 cm long. strain “Sn” 

Spike density === 4.6; awns 1 to 6 cm long. strain “So” 


strain “Sm”. (Plate VI: 3.) 

Plants from sample originating from the area around Oongka but 
obtained in Dorje Drag (13073). 

Deecription. — Early growth erect; basal leaf sheaths faintly purple, 
hairy: leaf sheaths waxy; auricles white with purple streaks, hairy; nodes 
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sparsely hairy; flagleaf and other leaves 15 to 20 cm long, 8 to 10 mm wide; 
plants 80 to 85 cm tall; distance flagleaf to spike 15 to 20 cm; spikes oblong» 
8 to 10 cm long» face side 10 to 12 mm wide, lateral side 8 to 10 mm wide; 
spikelets 13 to 15, 3-grained; density = 7.8; awns 1 to 3 om long, white, 
with numerous teeth; glumes white, glabrous, with mimerous teeth on the 
nerve, 8 to 10 mm long, 3 to 5 mm wide; shoulders mid-wide, oblique; beak 
narrow, accuminte, 2 to 3 mm long; kemels red, elliptical, 8 to 9 mm long, 
Soft to semihard; crease mid-wide, mid-deep; cheeks roimded; brnsh mid- 
sized, mid-long. 

Heading time 65 days; ripening time 109 days; straw weak; resistance 
to mildew and leaf nist poor; kernel weight 42.9 g. 

Strain ''Sn’’ (Plate VI: 2). 

Plants from samples collected at Maoniu (13077, 13078). 

Deacription, — Early growth erect; basal leaf sheaths faintly purple to 
purple, moderately hairy; leaf sheaths waxy; nodes hairy; flagleaf and 
other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 80 to 90 cm tall; 
distance flagleaf to spike 15 to 20 cm; spikes oblong, 7 to 8 cm long, face 
side 10 to 12 mm wide, lateral side 8 to 10 mm wide; spikelets 16 to 18, 
3- or 4-grained; density = 6.5; awns 1 to 6 cm long, white, with numerous 
teeth; glumes white, glabrous, with few to several teeth on the nerve, 8 
to 10 mm long, 3 to 6 mm wide; shoulders mid-wide, oblique, beak mid- 
wide, accuminate, 3 to 10 mm long; kemels red, elliptical, 7 to 8 mm long, 
semihard; crease mid-wide, mid-deep; cheeks angular to rounded; brush 
mid-sized, mid-long. 

Heading time 67 days; ripening time 111 days; straw medium good; re¬ 
sistance to mildew and leaf rust medium good, kemel weight 37.0 g; pro¬ 
tein content 19.6 per cent; gluten content 40 per cent; gluten quality 42. 

Strain ‘‘So’’ (Plate VI: 4). 

Plants from sample collected at Maoniu (13077). 

Deacription, — Early growth erect; baaal leaf sheaths purple, sparsely 
hairy; leaf sheaths waxy; auricles faintly purple, hairy; nodes sparsely 
hairy; flagleaf and other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 
100—110 cm tall; distance flagleaf to spike 15 to 20 cm; spikes oblong, 7 
to 8 cm long, face side 12 to 15 mm wide, lateral side 10 to 12 mm wide; 
spikelets 18 to 19, 4- or 5-grained; density = 4,6; awns 1 to 6 cm long, 
white, with numerous teeth; glumes white, glabrous, with numerous teeth 
on the nerve, 8 to 10 mm long, 3 to 5 mm wide; shoulders midwide, oblique; 
beak mid-wide, accuminate, 1 to 2 mm long; kemels red, elliptical, 7 to 
8 mm long, soft to semihard; crease mid-wide, deep; cheeks rounded; brush 
mid-sized, mid-long. 

Heading time 69 days, ripening time 120 days; straw weak, resistance 
to mildew and leaf rust poor; kemel weight 32.1 g; protein content 16.4 
per cent; gluten content 33 per cent; gluten quality 38. 
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Of the variety erythrospermum a great number of strams were 
reported from Bihar and Orissa by Howabd, Howabd and Khan 
(1922). Also Percival (1921) has a long list of strains of this parti- 
cular variety, which apparently is one of the widely distributed 
varieties of Triticum vulgäre. The greatest number of the varieties 
have lax .spikes. It is then interesting that the t3rpes from Eastern 
Tibet have lax, medium lax and dense spikes. This indicates that in 
this area there are growing types which represent the whole group 
of strains of the varity erythroapermum. Also in earliness the three 
strams differ somewhat as one of them is late and the other two 
medium early. The disease resistance of the strains is medium 
good to poor. In regard to quality of the grain and flour they do not 
appear to be very high on the scale. This is in contrast with the 
statement by Percival that flour of the strains belonging to erythro- 
spermum is generally excellent, but it could be explained by the pre- 
sence among the material of only three strams, which all could be 
poor deviates in regard to quality. 


Strains belonging to Triticum vulgäre Host. var. barbarossa Kcke. 

Strain ‘‘Sp” (Plate VH:!). 

Plants from sample collected at Taining (13061). 

Description. — Early growth erect; basal leaf sheaths purple, hairy; leaf 
sheaihs waxy; auricles white or with a few purple streaks, hairy; nodes 
hairy; flagleaf and other leaves 15 to 20 cm long, 10 to 12 mm wide; plants 
65 to 75 cm tall; distance flagleaf to spike 20 to 25 cm; spikes oblong, 7 
to 9 cm long, face side 10 to 12 mm wide, lateral side 8 to 10 mm wide; spike- 
lets 12 to 14, 3- or 4-grained; density = 6.5; awns 3 to 7 cm long; density 
— 6.5; awns 3 to 7 cm long, divergent, red, with numerous teeth; glumes 
red, pubescent, with numerous teeth on the nerve, 8 to 10 mm long, 3 to 
4 mm wide; shoulders narrow, oblique; beak narrow, accuminate, 1 to 
3 mm long; kernels red, elliptical, 6 to 8 mm long, semihard; crease mid- 
wide, mid-deep; cheeks angular; brush mid-sized, mid-long. 

Heading time 59 days; ripening time 104 days; straw medium good to 
weak; resistance to mildew and leaf rust poor; kemel weight 32.8 g; pro¬ 
tein content 19.9 g; gluten content 38 per cent; gluten quality 49. 

The variety barbarossa is a rare variety and according to Percival 
(1921) endemic only in Persia and India. Körnicke (1885) reports 
that he obtained material of this variety from Kastamoni (near 
the north coast of Asia Minor) and from Central Asia. He also 
obtained material from North America. Apparently the German 
Hindukusch-Expedition found material of this variety in Punjab, 
Kaschmir and several other places. Lange de la Oamp (1939) 
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mentions several typea from these areas that agree very well with. 
the var. barbaroasa. According to Flaksbeboeb (1936) Yavilov 
reports in 1922/23 on material of the variety from several places in 
Asia and among them are India and Ghina. The presence of the 
type in Eastem Tibet may be seeds that were brought there from 
Ghina proper bnt it could also mean that the variety i& endemic 
in the areas west of Tibet. Anyway it is in a sense a connecting link 
between Ghina and Mongolia on one side and India and south- 
westem Asia on the other. 


Strain belonging to Triticum vulgäre Host. var. pyrothrix Kcke. 

Strain “Sr” (Plate VII: 2). 

Plants from sample collected at Eangting (13075). 

Deecription. — Early growth erect; basal leaf sheaths purple, hairy; leaf 
sheaths waxy; auricles faintly purple, hairy; nodes hairy; flagleaf and other 
leaves 18 to 20 cm long, 12 to 18 mm wide; plants about 100 cm tall; dis- 
tance flagleaf to spike 16 to 25 cm; spikes oblong, 6 to 8 cm long, face side 
12 to 15 mm wide, lateral side 11 to 13 mm wide; spikelets 16 to 18; 4- 
grained, density = 3.0; spikes without awns; glumes red, pubescent, with 
numerous teeth on the nerve, 7 to 8 mm long, 3 to 4 mm wide; shoulders 
mid-wide, rounded; beak wide, accuminate, about 1 mm long; kemels red, 
elliptical, soft to semihard; crease mid-wide, mid-deep; cheeks angular to 
rounded; brush mid-sized, mid-long. 

Heading time 76 days; ripening time 120 days; straw weak; resistance to 
mildew and leaf rust poor, kemel weight 32.9 g; protein content 16.1 per 
cent; gluten content 33 per cent; gluten quality 50. 


When Köbnicke (1886) discussed the var. pyrothrix he mentioned 
that it was grown in Germany under the name rye-wheat. He gave, 
however, no explanation to this name and it now seems rather 
difficult to understand why it was applied. Körnicke at that time 
reported the variety only from Germany, England and North 
America. But Pbecival (1921) reports it from Punjab, the United 
Provinces and other parts of India, and he even discusses a type 
from Ghungking in Ghina. Also Lange de la Gamp (1939) describes 
types from Punjab and other places in India which undoubtedly 
belong to this variety. Gonsequently the variety is very likely to 
be endemic in Gentral Asia. Only one strain was foimd among 
the material from Eastem Tibet. It is a late strain while the tirpe 
from Ghina, that Peboival described, is an early one. 
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Strain belonging to Triticum eompactum Host. var. Wittmackia- 

num Kcke. 

Strain ''St’’ (Plate YJ1:3). 

Plants from sample coUected at Kangting (13075). 

Description, — Early growth ereot; baaal leaf sheaths purple, sparsely 
hairy; leaf sheaths waxy; aoricles porple; nodes sparsely hairy; flagleaf 
and other leaves 18 to 20 cm long, 10 to 15 mm wide; plants 96—106 cm 
tall; distance flagleaf to spike 18 to 20 cm; spikes slightly elliptical, 4 to 
6 cm long, face side 12 to 13 mm wide, lateral side 13 to 15 mm wide; 
spikelets 17 to 19, 4- or 6-grained; density = 2.8; spikes awnless; glnmes 
white, pubescent, with numerous teeth on the nerve, 7 to 8 mm long, 4 
to 6 mm wide; shoulders wide, oblique; beak mid-wide, accuminate, 1 to 
2 mm long; kemels red, elliptical, 6 to 7 mm long, soft; crease mid-wide, 
mid-deep; cheeks rounded; brush mid-sized, middong. 

Heading time 76 days; ripening time 121 days; straw weak; resistance 
to mildew and leaf rust poor; kemel weight 33.7 g; protein content 17.6 
per cent; gluten content 37 per cent; gluten quality 48. 

Körnicke in 1886 knew this variety only by a specimen from a 
Botanical Garden, and Percivai. described it in 1921 on basis of a 
type "Velvet Kubb” that he had obtained from Professor Eriksson 
in Stockholm. Percival had material of the variety also from 
IJ. 8. A. and Prance. In Flaksberger’s publication in 1936 there 
is no new material of the variety reported with the exception of a 
winter wheat strain of the var. Wittmiwhianum-inflatum Vav. et 
Kob. Such a strain was according to Flaksberger found in Afgha¬ 
nistan on an altitude of 1.400 to 1.900 m and reported by Kobelev 
in 1928. Undoubtedly the strain from Eastern Tibet has some of 
the characteristics of the inflatum type and therefore could taxono- 
inically be rather close in type to the var. WiUmackianum-inflatum 
type of Flaksberger’s. It is a spring type, however, as compared 
to the winter type from Afghanistan. It is, indeed, interesting to 
find such a strain among the material from Eastern Tibet. Should 
it be endemic there it will enlarge the area of distribution of the 
plant, but this question can be answered only by coUecting more 
material from the area. 

Strain belonging to Triticum durum Desf. var. affine Kcke. 
Strain "Su” (Plate VII;4). 

Plants from sample coUected at Taofu (13064). 

Deacription, — Early growth erect; basal leaf sheaths white or faintly 
Purple, non-hairy or sparsely hairy; leaf sheaths waxy; auricles white, hairy; 
nodes sparsely hairy; flagleaf 10 to 16 cm long, 10 to 16 mm wide, other 
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leaves 15 to 20 cm long» 10 to 15 mm wide; plants 95 to 100 cm tall; dis- 
tance flagleaf to spike 20 to 25 cm; spikes oblong, 6 to 8 cm long, face side 
about 10 mm wide» lateral side about 12 mm wide; spikelets 13 to 16» 3- 
or 4-grained; density := 5; awns 6 to 8 cm long; glumes white, glabrous» 
with few to several teeth on the nerve» 8 to 9 mm long, 4 to 5 mm wide; 
shoulders narrow» oblique; beak mid-wide» stout and acute; kemels red» 
elliptical» 7 to 9 mm long» bard; crease mid-wide» mid-deep; cheeks rounded; 
brush small» short. 

Heading time 66 days; ripening time 119 days; straw weak; resistance 
to mildew and leaf rust poor; kemel weight 42,2 g; protein content 16.9 
per cent; gluten content 31 per cent; gluten quality 34. 

Körnicke^s material of this variety came from Botanical Gardens. 
Percival had it from Southern Europé and northern Africa and from 
southwestern Asia. He also had a type from Burma. The latter 
one seems to agree quite well taxonomically with the strain from 
Taofu as described above. 

Populations belonging to Triticum vulgäre Host. var. ferru- 

gineum Kcke. 

Population 1 (Plate VIII: 1,2). 

Plants from samples collected at Maoniu (13077, 13078). 

Description, — Early growth erect; basal leaf sheaths purple» hairy; leaf 
sheaths waxy, auricles white with purple streaks, faintly purple or purple, 
hairy; nodes sparsely to strongly hairy; flagleaf 10 to 15 cm long, 10 to 
15 mm wide» other leaves 15 to 20 cm long» 10 to 15 mm wide; plants 85 
to 95 cm tall; distance flagleaf to spike 15 to 20 cm; spikes oblong» 7 to 8 
cm long, face side 8 to 12 mm wide, lateral side 8 to 10 mm wide; spikelets 
14 to 17» 3- or 4-grained; density = 5.8 to 6,0; awns varying in length 
from 0.5 to 6 cm» divergent, sometimes curled or claw-like» red» with nu- 
merous teeth; glumes red, glabrous, with numerous teeth on the nerve, 7 
to 9 mm long» 3 to 5 mm wide; shoulders mid-wide to wide» oblique; beak 
mid-wide» accuminate, 2 to 10 mm long; kemels red» elliptical» 6 to 9 mm 
long» semihard; crease mid-wide, mid-deep to deep; cheeks angular to 
rounded; brush mid-sized» mid-long. 

Heading time 65 to 68 days; ripening time 110 to 112 days; straw weak 
to good; resistance to mildew and lecd rust medium good to poor; kemel 
weght 42.5 g; protein content 21.3 per cent; gluten content 46.5 per cent; 
gluten quality 51.6; bread volume 960 (1943), 710 (1946). 

Population 2. 

Plants from sample collected at Taining (13061). 

DeacripHon. — Early growth erect; basal leaf sheaths faintly purple, 
hairy; leaf sheaths waxy; auricles white or white with a few purple streaks, 
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hairy; nodes without hairs or sparsely hairy; flagleaf 10 to 15 em long, 8 
to 12 mm wide, other leaves 15 to 25 cm long, 8 to 12 mm wide; planta 
90 cm tall; distance flagleaf to spike 20 to 25 cm; spikes oblong» 7 to 9 cm 
long, faoe side 10 to 12 mm wide, lateral side 8 to 10 mm wide; spikelets 
12 to 14, 3- or 4-grained; density = 7.2; awns varying in length from 0.5 
to 6 cm, red with numerous teeth; glumea red, glabrons, with nnmerous 
teeth on the nerve, 8 to 10 mm long, 3 to 4 mm wide; shoulders mid-wide, 
oblique; beak narrow, accnminate, 1 to 3 mm long; kemels red, elliptical, 
7 to 8 mm long, semihard; creaae mid-wide, mid-deep; cheeks angular; 
brush mid-sized, mid-long. 

Heading time 63 days; ripening timo 108 days; straw weak to medium 
good; resistance to mildew and leaf rust poor; kemel weight 33.8 g; protein 
content 17.9 per cent; gluten content 32 per cent; gluten quality 88. 

Population 3. 

Plants from sample collected at Maoniu (13062). 

Deacription, — Early growth erect; basal leaf sheaths faintly purple, 
hairy; leaf sheaths waxy; auricles white or white with a few purple streaks, 
hairy; nodes hairy; flagleaf 8 to 12 cm long, 8 to 10 mm wide, other leaves 
15 to 20 cm long, 10 to 12 mm wide; plants 75 to 85 cm tall; distance flag¬ 
leaf to spike 15 to 20 cm; spikes oblong, 8 to 9 cm long, face side 10 to 12 
mm wide, lateral side 8 to 10 mm wide; spikelets 14 to 16, 3- or 4-grained; 
density = 6.0; awns varying in length from 0.5 to 6 cm, red, with numerous 
teeth; glumes red, glabrous, with several to numerous teeth on the nerve, 
7 to 8 mm long, 3 to 5 mm wide; shoulders mid-wide, oblique to rounded; 
beak narrow, accuminate, 3 to 5 mm long; kemels red, elliptical, 7 to 8 
mm long, semihard; crease mid-wide, mid-deep; cheeks angular; brush 
mid-sized, mid-long. 

Heading time 62 days; ripening time 108 days; straw weak; resistance 
to mildew and leaf rust poor; kernel weight 38.9 g; protein content 21.1 
per cent; gluten content 43 per cent; gluten quality 32. 

Population 4. 

Plants from sample collected near Chungo (13076). 

Description, — Early growth erect; basal leaf sheaths faintly purple, 
hairy; leaf sheaths waxy; auricles white or white with a few purple streaks, 
hairy; nodes hairy; flagleaf and other leaves 15 to 20 cm long, 10 to 12 mm 
wide; plants 80 to 90 cm tall; distance flagleaf to spike 15 to 20 cm; spikes 
oblong, 7 to 8 cm long, face side 10 to 12 mm wide, lateral side 8 to 10 mm 
wide; spikelets 14 to 16, 3-grcuned; density = 6.5; awns varying in length 
from 0.5 to 6 om, white, with numerous teeth; glumes white, glabrous, 
with few teeth on the nerve, 8 to 9 mm long, 3 to 5 mm wide; shoulders 
mid-wide, oblique; beak mid-wide, accuminate, 10 to 15 mm long; kemels 
red, elliptical, 7 to 8 mm long, semihard; crease mid-wide, mid-deep; cheeks 
angular; brush mid-sized, mid-long. 

14 — 47490 Lanthrukahögsholana Annaler, Vol. 15 
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Heading time 65 days; ripening time 109 days; straw good to medium 
good; resistance to mildew and leaf rust quite poor; resistance to black 
chaff very poor; kemel weight 39.2 g; protein content 22.9 per cent.» gluten 
content 47 per cent.; gluten quality 49. 

The four populations described above all have the characteristics 
of var. ferrugineum. Within each population the most striking 
variations are found in regard to the length of the awns. These are 
varying from 0.5 to 6 cm and the variations are illustrated in plate 
VIII: 1,2 for population number 1. The two figures will, however, 
very well illustrate the variations in awn lengths also in the other 
three populations. Besides the variations in awn length there are 
also variations in beak lengths. These are found not only within 
the different populations but also between the populations. Thus 
the beak length in population 4 is given as 10 to 15 mm, in population 
1 it was found to be 2 to 10 mm, in population 3 it is 3 to 5 mm 
and in population 2 only 1 to 3 mm. Plant height is 75 to 85 cm in 
3, 80 to 90 cm in 4, 90 in 2 and 85 to 94 in 1. The varying characters 
as well as the stabile ones are, however, such that they indicate the 
populations to have arisen from strains belonging to var. ferrugineum. 
Of this variety strains with long and short awns were described 
above as strains ''Sa,’’ "8b,” "Sc,” "Sd,” "Se” and "Sf.” But 
even more interesting than the taxonomic characters are the baking 
qualities in the populations. Population 1 proved to have better 
baking qualities than Diamant II and population 2 is considerably 
above the limit for good gluten qualities in wheat. But at the same 
time the gluten quality for population 3 is very low. These observa¬ 
tions indicate that the populations may contain from a breeding 
standpoint of view very useful material. 

Swedish winter wheats used as checks. 

Strain belonging to Triticum vulgäre Host. var. velutineum Kcke. 
Thule II (Plate IX; 1). 

Description, — Early growth erect to semiprostrate; basal leaf sheaths 
green or faintly purple, non-hairy; leaf sheaths waxy; auricles white or 
faintly purple, hairy; nodes sparsely hairy; flagleaf 10 to 15 cm long, 10 to 
15 mm wide, other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 80 
to 90 cm tall; distance flagleaf to spike 15 to 20 cm; spikes oblong, 7 to 
9 cm long, face side 12 to 14 mm wide, lateral side 10 to 12 mm wide; spike- 
lets 20 to 22, 3- or 4-grained; density = 3.8; spikes awnless; glumes white, 
pubescent, with several teeth on the nerve, 7 to 8 mm long, 3 to 4 mm wide; 
ahoulders mid-wide, oblique to rounded; beak mid-wide, acute, 0.5 to 1 
mm long; kemels red, elliptical, 6 to 7 mm long, soft to semihard; crease 
mid-wide, mid-deep; cheeks rounded; brush mid-sized, mid-long. 
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Heading time 69 days; ripening time 110 days; straw meditim good; 
resistance to leaf rust poor; kemel weight 34.3 g; protein oontent 15.2 per 
cent; gluten content 25.3 per cent; gluten quality 25. 

Strain belonging to Triticum vulgäre Host. var. lutescens Kcke. 
Ergo (Plate IX: 2). 

Deacription, — Early growth erect to semiprostrate; baaal leaf sheaths 
green or faintly purple, slightly hairy; leaf sheaths waxy; auricles white 
or faintly purple, hairy; nodes hairy; flagleaf 10 to 15 cm long» 10 to 15 
mm wide, other leaves 15 to 20 cm long» 10 to 15 mm wide; plants 80 to 
90 cm tall; distance flagleaf to spike 15 to 20 cm; spikes oblong» 9 to 12 
cm long, face side 12 to 14 mm wide, lateral side 10 to 12 mm wide; spike- 
lots 20 to 22, 3- or 4-grained; density == 4.4; spikes awnless; glumes white, 
glabrous, with few to several teeth on the nerve, 7 to 8 mm long, 3 to 4 
mm wide; shoulders mid-wide, square; beak mid-wide, acute, 0.5 to 1 mm 
long; kernels red, elliptical, 7 to 8 mm long, soft; crease mid-wide, mid- 
deep; cheeks rounded; brush mid-sized, mid-long. 

Heading time 63 days; ripening time 108 days; straw good; resistance 
to leaf rust poor; kernel weight 37.8 g; protein content 14.2 per cent; gluten 
content 28.8 per cent; gluten quality 30. 

Tibetan winter wheats. 

Strains belonging to Triticum vulgäre Host. var. ferrugineum Kcke. 


Awns 0.6 to 2 cm long, spike density — 3.3.strain “Wb” 

Awns 2 to 3 cm long, spike density = 4.2.strain “Wa** 

Awns 4 to 6 om long, spike density ^ 3.6.strain *‘Wc’* 


Strain ‘‘Wa’’ (Plate IX: 3). 

Plants from samples collected at Maoniu (13062, 13077) and at 
Taofu (13064). 

Deacription, — Early growth semiprostrate to erect; basal leaf sheaths 
faintly purple, hairy; nodes hairy; flagleaf 10 to 16 cm long, 10 to 16 mm 
wide, other leaves 15 to 20 cm long, 10 to 16 mm wide; plants 66 to 75 
cm tall; distance flagleaf to spike 10 to 25 cm; spikes oblong, 6 to 9 cm long, 
face side 10 to 14 mm wide, lateral side 8 to 10 mm wide; spikelets 16 to 
20, 3- or 4-grained; density = 4.2; awns 2 to 3 cm long, red, with numerous 
teeth; glumes red, glabrous, with numerous teeth on the nerve, 6 to 8 mm 
long, Soft to semihard; crease mid-wide, mid-deep; cheeks angular; brush 
mid-sized, mid-long. 

Counted from April 16 heading time is 68 days, ripening time 111 days; 
straw medium good to weak; resistance to leaf rust poor, resistance to mil- 
dew medium good to poor; kemel weight 29.6 g; protein content 16.9 per 
cent; gluten content 29.1 per cent; gluten quality 49. 
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Strain '‘Wb’’ (Plate IX: 4). 

Plants from samples collected at Maoniu (13063, 13078). 

Deacriptian, — Early growth erect to semiprostrate; basal leaf sheaths 
purple, slightly hairy; leaf sheaths waxy; nodes sparsely hairy; flagleaf 
10 to 15 cm long, 10 to 15 mm wide; other leaves 15 to 20 cm long» 10 to 
15 mm wide; plants 80 to 90 cm tall; distance flagleaf to spike 10 to 15 
cm; spikes oblong 6 to 7 cm long, face side 10 to 12 mm wide, lateral side 
8 to 10 mm wide; spikelets 16 to 18, 3- or 4-grained; density =: 3.3; awns 
0.5 to 2 cm long, divergent, red, with numerous teeth; glumes red, glabrous 
with numerous teeth on the nerve, 6 to 8 mm long, 3 to 5 mm wide; shoul- 
ders mid-wide, oblique; beak mid-wide, accuminate, 1 to 3 mm long; ker- 
nels red, elliptical, 6 to 7 mm long, soft to semihard; crease mid-wide, mid- 
deep; cheeks angular; brush mid-sized, mid-long. 

Counted from April 15 heading time is 69 days, ripening time 113 days; 
straw medium good to weak; resistance to leaf rust very poor, resistance 
to mildew medium good; kemel weight 29.7 g; protein content 17.1 per 
cent; gluten content 35.0 per cent; gluten quality 30. 

Strain ‘Wc’’ (Plate X:l). 

Plants from samples collected at Maoniu (13077, 13078). 

Deacription, — Early growth erect to semiprostrate; basal leaf sheaths 
purple, slightly hairy; leaf sheaths waxy; auricles white or faintly purple, 
hairy; nodes sparsely hairy; flagleaf 10 to 15 cm long, 10 to 15 mm wide, 
other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 65 to 75 cm tall; 
distance flagleaf to spike 5 to 15 cm; spikes oblong, 7 to 8 cm long, face 
side 12 to 14 mm wide, lateral side 10 to 12 mm wide; spikelets 18 to 20, 
3- or 4-grained; density = 3.5; awns 4 to 6 cm long, red, with numerous 
teeth; glumes red, glabrous, with numerous teeth on the nerve, 7 to 8 min 
long, 4 to 6 mm wide; shoulders mid-wide, oblique to rounded; beak mid- 
wide, accuminate, 1 to 2 mm long; kemels red, elliptical, soft to semihard; 
crease mid-wide deep; cheeks angular to rounded; brush mid-sized, mid- 
long. 

Counted from April 15 heading time is 67 days, ripening time 110 days; 
straw medium good to weak; resistance to leaf rust poor, resistance to mil¬ 
dew medium good to poor; kemel weight 33.0 g; protein content 18.2 per 
cent; gluten content 32.5 per cent; gluten quality 49. 

The distribution of var., ferrugineum was discussed in connection 
with the description of the spring wheat strains of this variety 
(p. 199). The three winter wheat strains from Eastern Tibet can all 
be considered as medium early. They are quite dense-headed types 
and considering Pebcival’s statement in 1921 that such types are 
rare in the variety it is interesting to find just three strains in the 
Eastern Tibetan material belonging to the dense-headed group. 
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Strain belonging to Triticum vulgäre Host. var. mUturum Kcke. 
Strain (Plate X:2). 

Plants from sample oollected at Maoniu (13077). 

Deacriptian, — Early growth erect to semiprostrate; basal leaf sheaths 
faintly purple, slightly hairy; leaf sheaths waxy; auricles white or faintly 
purple, hairy; nodes sparsely hairy; flagleaf and other leaves 10 to 15 cm 
long, 10 to 15 mm wide; plants 70 to 80 cm tall; distance flagleaf to spike 
10 to 15 cm; spikes oblong, 7 to 8 cm long, face side 12 to 14 mm wide, 
lateral side 10 to 12 mm wide; spikelets 18 to 20, 3- or 4*grained; density 
= 3.6; spikes without awns; glumes red, glabrous, with few to several teeth 
on the nerve, 7 to 8 mm long, 3 to 4 mm wide; shoulders mid-wide, ro- 
unded; beak mid-wide, acute, 0.5 to 1 mm long; kemels red, elliptical, 6 to 
7 mm long, soft to semihard; crease mid-wide, mid-deep; cheeks rounded; 
brush mid-sized, mid-long. 

Counted from April 15 heading time is 68 days, ripening time 110 days; 
straw rather weak; resistance to leaf rust poor, resistance to mildew me¬ 
dium good to poor; kemel weight 31.8 g; protein content 18.9 per cent. 

On page 201 var. milturum was discussed. It was then emphasized 
that the spring wheats from Eastem Tibet agree quite well with 
earlier described strains, even if they differed in a few characters. 
The winter wheat strain, as discussed above, is also close to earlier 
strains. It is a medium early strain with a rather dense spike. The 
latter character places it among the less common strams of the 
variety as lax spikes are more often found than dense ones. 

Strain belonging to Triticum vulgäre Host. var. lutescens Kcke, 
Strain ‘We’' (Plate X:4). 

Plants from samples coUected at Maoniu (13077, 13078). 

Deacription, — Early growth erect to semiprostrate; basal leaf sheaths 
purple, slightly hairy; leaf sheaths waxy; auricles white or faintly purple, 
hairy; nodes hairy; flagleaf 10 to 15 cm long, 10 to 15 mm wide, other leaves 
15 to 20 cm long, 10 to 15 mm wide; plants 70 to 80 cm tall; distance flag¬ 
leaf to spike 10 to 15 cm; spikes oblong, 7 to 8 cm long, face side 10 to 12 
mm wide, lateral side 8 to 10 mm wide; spikelets 18 to 20, 3- or 4-grained; 
density = 3.9; spikes without awns; glumes white, glabrous, with numerous 
teeth on the nerve, 6 to 8 mm long, 3 to 4 mm wide; shoulders mid-wide, 
oblique to roimded; beak mid-wide, acute, 1 to 2 mm long; kemels red, 6 
to 7 mm long, semihard; crease mid-wide, mid-deep; cheeks roimded to 
angular; brush mid-sized, mid-long. 

Counted from April 15 heading time is 69 days, ripening time 110 days; 
straw rather weak; resistance to leaf rust medium good, resistance to mil¬ 
dew medium good to poor; kemel weight 30.5 g; protein content 19.4 per 
cent. 
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Earlier in this paper (p* 203) it was pointed out that in spite of the 
fact that var. lutescens contains the largest number of strains of 
any variety of Triticum vulgäre there are only a few strains of var. 
lutescens among the Eastern Tibetan material. This winter wheat 
strain will therefore be an addition to the three spring wheat strains 
from Tibet which were reported on above. Thus four strains of var. 
lutescena can be recorded from an area of the world where this variety 
appears to be quite rare. 

Strains belonging to Triticum vulgäre Host. var. erythrospermum Kcke. 


Awng 0.5 to 1 cm long; density of spike = 3.6. strain “Wh” 

Awns 1 to 3 cm long; density of spike = 3.2. strain “Wg” 

Awns 5 to 7 cm long; density of spike = 4.0. strain “Wf” 


Strain ‘Wf' (Plate X:3). 

Plants from samples collected at Maoniu (13062, 13063, 13077). 

Description, — Early growth erect to semiprostrate; basal leaf sheaths 
purple, slightly hairy; leaf sheaths waxy; auricles white or white with a few 
purple streaks, hairy; nodes non-hairy or sparsely hairy; flagleaf 10 to 16 
cm long, 10 to 16 mm wide, other leaves 15 to 20 cm long, 10 to 15 mm 
wide; plants 70 to 90 cm tall; distance flagleaf to spike 10 to 20 cm; spikes 
oblong, 5 to 8 cm long, face side 11 to 13 mm wide lateral side 9 to 11 mm 
wide; spikelets 14 to 18, 3- or 4-grained; density = 4.0; awns 5 to 7 cm 
long, white, with numerous teeth; glumes white, glabrous, with numerous 
teeth on the nerve, 7 to 8 mm long, 3 to 5 mm wide; shoulders mid-wide, 
oblique; beak narrow, accuminate, 1 to 4 mm long; kernels red, elliptical, 
7 to 8 mm long, soft to semihard; crease mid-wide, mid-deep to deep; cheeks 
angular to rounded; brush mid-sized, mid-long. 

Counted from April 15 heading time is 66 days, ripening time 114 days; 
straw weak; resistance to leaf rust medium good, resistance to mildew 
medium good to poor; kemel weight 28.9 g; protein content 17.0 per cent; 
gluten content 32.6 per cent; gluten quality 59. 

Strain ‘‘Wg»' (Plate XI; 1). 

Plants from samples collected at Maoniu (13077, 13078). 

Deacription, — Early growth erect to semiprostrate; basal leaf sheaths 
white or faintly purple, hairy; leaf sheaths waxy; auricles white or with 
a few purple streaks, hairy; nodes sparsely hairy; flagleaf 10 to 15 cm long, 
10 to 15 mm wide, other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 
75 to 85 cm tall; distance flagleaf to spike 10 to 15 cm; spikes oblong, 5 
to 7 cm long, face side 10 to 12 mm wide, lateral side 8 to 10 mm wide; 
spikelets 18 to 20, 4-grained; density = 3.2; awns 1 to 3 cm long, white, 
with numerous teeth; glumes white, glabrous, with numerous teeth on the 
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nerve, 6 to 8 mm long, 3 to 5 mm wide; shoulders mid-wide, oblique; beak 
narrow, accuminate, 1 to 2 mm long; kemels red^ elliptical» 6 to 7 mm long, 
soft to semihard; crease mid-wide, mid-deep; cheeks roimded; brush mid- 
sized, mid-long. 

Counted from April 16 heading time is 66 days, ripening time 109 days; 
straw medium good to weak; resistanoe to leaf rust poor, resistance to mil- 
dew medium good; kemel weight 25.9 g; protein content 16.6 per cent; 
gluten content 34 per cent; gluten quality 50. 

Strain '‘Wh” (Plate XI: 2). 

Planta from sample coUected at Maoniu (13078). 

Deacription, — Early growth erect to semiprostrate; basal leaf sheaths 
faintly purple, sparsely hairy; leaf sheaths waxy; auricles white or faintly 
purple, hairy; nodes sparsely hairy; flagleaf 10 to 15 cm long, 10 to 15 mm 
wide, other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 75 to 86 
cm tall; distance flagleaf to spike 10 to 15 cm; spikes oblong, 6 to 8 cm 
long; face side 10 to 14 mm wide, lateral side 8 to 12 mm wide; spikelets 
18 to 20, 3- or 4-grained; density = 3.6; awns 0.5 to 1 cm long, white, with 
numerous teeth; glumes white, glabrous, with numerous teeth on the nerve, 
6 to 7 mm long, 3 to 5 mm wide; shoulders mid-wide, oblique; beak mid- 
wide, accuminate, 1 to 2 mm long; kemels red, elliptical, 6 to 7 mm long, 
soft to semihard; crease mid-wide to wide, mid-deep; cheeks angular to 
rounded; brush mid-sized, mid-long. 

Counted from April 15 heading time is 66 days, ripening time 110 days; 
straw good to medium good; resistance to leaf rust poor, resistance to mil- 
dew medium good to poor; kemel weight 28.5 g; protein content 16.7 per 
cent; gluten content 33.7 per cent; gluten quality 31. 

The var. erythrospermum is well distributed over the world. 
Therefore it is not unexpected to find besides the three above dis- 
cussed spring wheat strains from Eastern Tibet also three winter 
wheat strains. Already in the discussion on the spring wheat strams 
on p. 206 it was pointed out that lax spikes are more common in this 
variety than dense ones. The spring wheats from Eastern Tibet 
represented lax, medium lax and dense spikes. Xow it is found 
that the winter wheats have dense spikes. It is impossible to draw 
any definite conclusions from a material as small as the one re¬ 
presented here. Still, it seems possible that in those areas of Asia 
where the wheats have not been studied in detail as yet, for example 
in Tibet and the mountain valleys west of there, there might exist 
just that dense-headed group which have been considered as rare 
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Strains belonging to Triticum vulgäre Host. var. barbarossa Kcke. 

Awns 0.6 to 2 cm long.strain “Wi” 

Awns 1 to 4 cm long...strain 

Strain (Plate XI: 3). 


Plants from samples coUected at Maoniu (13077, 13078). 

Description. — Early growth semiprostrate, basal leaf sheaths faintly 
purple, slightly hairy; leaf sheaths waxy; aurioles white or faintly purple, 
hairy; nodes sparsely hairy; flagleaf 10 to 15 cm long, 10 to 15 mm wide, 
other leaves 15 to 20 cm long, 10 to 15 mm wide; plants 70 to 80 cm tall; 
distance flagleaf to spike 10 to 15 cm; spikes oblong, 6 to 7 cm long, face 
side 12 to 14 mm wide, lateral side 10 to 12 mm wide; spikelets 18 to 20, 
3- or 4-grained; density = 3.8; awns 0.5 to 2 cm long, red, somewhat curved 
and with numerous teeth; glumes red, pubescent, with numerons teeth on 
the nerve, 6 to 7 mm long, 3 to 5 mm wide; shoulders mid-wide, oblique; 
beak mid-wide, accuminate, 0.5 to 2 mm long; kemels red, elliptical, soft 
to semihard; crease mid-wide, mid-deep; cheeks roimded to angular; brush 
mid-sized, mid-long. 

Coimted from April 15 heading time is 69 days, ripening time 109 days; 
straw medium good to weak; resistance to leaf rust medium good, resis- 
tance to mildew medium good to poor; kemel weight 30.2 g; protein con- 
tent 16.4 per cent; gluten content 34.0 per cent; gluten quality 53. 

Strain (Plate XI: 4), 

Plants from sample collected at Maoniu (13077). 

Deacription, — Early growth erect to semiprostrate; basal leaf sheaths 
faintly purple, hairy; leaf sheaths waxy, auricles white or faintly purple, 
hairy; nodes sparsely hairy; flagleaf 10 to 15 mm wide; plants 75 to 85 cm 
tall; distance flagleaf to spike 10 to 15 cm; spikes oblong, 7 to 8 cm long, 
face side 10 to 12 mm wide, lateral side 8 to 10 mm wide; spikelets 18 to 
20, 3- or 4-grained; density = 4.0; awns 1 to 4 cm long, with numerous 
teeth; glumes red, pubescent, with numerous teeth on the nerve, 6 to 7 
mm long, 3 to 5 mm wide, shoulders mid-wide, oblique; beak mid-wide, 
accuminate, 1 to 2 mm long; kemels red, 6 to 7 mm long, soft to semi¬ 
hard; crease mid-wide, mid-deep; cheeks angular; brush mid-sized, mid- 
long. 

Coimted from April 15 heading time is 68 days, ripening time 109 days; 
straw medium good to weak; resistance to leaf rust poor, resistance to mil¬ 
dew medium good to poor. 

ÅS Stated on page 205 var. barbarossa is rare. It is interesting, 
then, to find it represented with two strains among the winter wheats 
from Eastern Tibet. They are rather alike, the only difference be- 
tween them being the length of awns on the spikes. From the East- 
Tibetan spring wheat strains of the variety they differ by having a 
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denser spike. Also their awns are not as long as those of the spring 
wheat strains. In other respects they agree qnite well. Erom the data 
on disease resistance and quality of the grain they do not appear 
very outstanding in these respects. 

Strain belonging to Triticum vulgäre Host. var. Hostianum Kcke. 
Strain ‘‘Wr' (Plate 

Plants from sample collected at Maoniu (13078). 

Description, — Early growth semiprostrate; baaal leaf sheaths faintly 
purple, hairy; leaf sheaths waxy; avirioles white or faintly purple, hairy; 
nodes hairy; flagleaf 16 to 20 cm long, 10 to 16 mm wide, other leaves 18 
to 23 cm long, 10 to 16 mm wide; plants 76 to 80 cm tall; distance flagleaf 
to spike 6 to 16 cm; spikes oblong, 7 to 8 cm long; face side 12 to 14 mm 
wide, lateral side 10 to 12 mm wide; spikelets 18 to 20, 3- or 4-grained; 
density = 3.2; awns 4 to 6 cm long, white, with numerous teeth; glumes 
white, pubescent, with numerous teeth on the nerve, 7 to 8 mm long, 3 
to 4 mm wide; shoulders n€«Tow, elevated; beak mid-wide, accuminate, 
1 to 2 mm long; kemels red, elliptical, 6 to 7 mm long, soft to semihard; 
crease mid-wide, mid-deep; cheeks rounded; brush mid-sized, middong. 

Counted from April 16 heading time is 67 days, ripening time 108 days; 
straw medium good; resistance to leaf rust poor, resistance to mildew me¬ 
dium good to poor. 

Körnicke (1885) knew the var. Hostianum from Botanical Gardens 
but suggested it might be grown in Greece. When Peecival (1921) 
discussed the variety he mentions types from India, Persia and 
Turkestan. Lange de la Camp (1939) describes types that seem 
to agree well with forms of the variety Hostianum. As Flaksbebger 
(1936) reports on material of this variety also from other parts of 
Asia than India there is nothing especially new in finding it also in 
Bastern Tibet. Apparently types of this variety are spread through 
southwestern and Southern Asia but also in through Central Asia. 
The occurence of it in Eastern Tibet is a further proof that its distri¬ 
bution is not as limited as the findings of Percival would indicate. 

Population, possibly from a spontaneous cross lutescens Kcke. x 
erythrospermum Kcke. 

Population 5 (Plate XII: 2,3). 

Plants from sample collected at Maoniu (13077). 

Description. — Early growth erect; basal leaf sheaths purple, hairy; leaf 
sheaths waxy; auricles white or faintly purple, hairy; nodes sparsely hairy; 
flagleaf 10 to 16 cm long, 10 to 16 mm wide, other leaves 16 to 20 cm long, 
10 to 16 mm wide; plants 60 to 70 cm tall; distance flagleaf to spike 10 to 
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15 cm; spikes oblong, 6 to 8 om long, face side 12 to 14 mm wide, lateral 
side 10 to 12 mm wide; spikelets 18 to 20, 4>grained, density = 3*6; awns 
missing or, if occuriiig, 0.5 to 1 cm long, sometimes clawlike, with numerous 
teeth; glumes white, glabrous, with several teeth on the nerve, 7 to 8 mm 
long, semihard; crease mid-wide, deep; cheeks angular, brush mid>sized, 
mid-long. 

Counted from April 15 heading time is 64 days, ripening time 108 days; 
straw medium good to weak; resistance to leaf rust poor, resistance to mil- 
dew medium good; kemel weight 27.8 g; protein content 15.3 per cent; 
gluten content 32.0 per cent; gluten quality 44. 

The population is varying above all in presence and length of awns. 
The awns may be entirely missing or present as shown in plate 
XII; 2, 3. The spikes are well developed and dense. The plants are 
medium early to early. The resistance to diseases is not outstanding, 
neither is the grain qualities. Among the varieties from Eastern 
Tibet var. erythrospermum and var. lutescens are most likely to be 
involved in the cross. 


Discussion. 

The wheat material, of which the details are given above, is 
interesting from following point of views: 

1. Classification because the description of the taxonomic characters 

add new details on strains of cultivated wheats. 

2. Distribution of species, varieties and strains within the area of 

Eastern Tibet that Smith visited and outside of this area. 

3. Practicäl value to the plant breeder as the gene Setup in the 

material from such a limited area in the isolated mountain 
regions of East-Tibet must be different from that of wheats 
from other parts of the world. 


Classification. 


The following species, varieties and strains were isolated among 
the material; 

Spring Wheats 

Triticum vulgäre Host. var. ferru^neum Kcke. strain “Sa** 

“Sb“ 

“Sc** 

“Sd** 

“Se** 

“sr* 
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Triticum vulgäre Host. var. millurum Kcke. strain 

“Sh” 

Triticum vulgäre Host. var. lutescens Kcke. strain “Si” 

“Sk” 

“SI” 

Triticum vulgäre Host. var. erythroaperimim Kcke. strain “Sm” 

“Sn” 

“So” 

Triticum vulgäre Host. var. barbaroaaa Kcke. strain “Sp” 

Triticum vulgäre Host. var. pyrothrix Kcke. strain “Sr” 

Triticum compactum Host. var. Wittrnackianum Kcke. strain “St” 

Triticum durum Desf. var. affine Kcke. strain “Su” 

Winter Wheats 

Triticum vulgäre Host. var. ferrugineum Kcke. strain “Wa” 

“Wb” 

“Wc” 

Triticum vulgäre Host. var. miUurum Kcke. strain “Wd” 

Triticum vulgäre Host. var. luteacena Kcke. strain “We” 

Triticum vulgäre Host. var. erythroapermum Kcke, strain “Wf” 

“Wg” 

“Wh” 

Triticum vulgäre Host, var. barbaroaaa Kcke. strain “Wi” 

“Wk” 

Triticum vulgäre Host. var. Hoatianum Kcke. strain “Wl” 

In addition five populations were described. Four of those (1 to 
4) were spring wheats and apparently they had arisen from crosses 
within the variety ferrugineum of Triticum vulgäre, One (5) was 
a winter wheat population and appears to have originated from a 
cross between material of the varieties lutescens and erythrospermum, 
I^^o new species or varieties were recorded in the material. As to 
the strains quite a few of them will differ from earlier described 
strains. This was above pointed out for the strains of var. ferru¬ 
gineum. Both of the spring and the winter wheats these are later in 
development than strains of ferrugineum from this region of Asia, 
discussed by Percival (1921). Also they are more dense-headed 
than most of the earlier known strains of the variety. The strains^ 
of var. milturumj described here, are similar to earlier known strains 
but differ in time of development. Strains of var. milturum from 
Eastern Tibet are also more dense-headed than most strains within 
the variety. Among taxonomic characters the lack of waxiness in 
one of the strains of var. lutescens is particularly interesting. The 
variation in density of spikes in the strains of var. erythrospermum 
is noteworthy as it indicates the presence in Eastern Tibet of a group 
of wheats of this variety varying in this particular character. Thereby 
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var. trythrospermum can be expected to be represented by a whole 
series of types tbat does not seem to have been localized in such a 
limited area at earlier times. Taxonomic characters, suoh as are 
typical of Triticum vulgäre var. barbarossa and of Triticum oom- 
pactum var. Wittmackianum appear to have been reported from 
Eastern Tibet for the first time in this paper. The characteristics 
of var. Hostianum also seem to be given from the East-Tibetan 
area for the first time although the variety earlier was found in other 
regions of Asia. This is also true for Triticum durum var. affine. 

Gonsequently, the main importance of the wheat material from 
Eastern Tibet seen from a taxonomic point of view, is that a number 
of strain characters were found which were not earlier known to 
exist. These will help to fill out the picture of variation within the 
varieties which were described several times earlier, but were still 
incomplete in regard to details. The number of limitations on the 
material of the different varieties can be reduced as more details 
are being known. For this particular part of the taxonomic work 
the East-Tibetan material appears valuable. 


Distribution. 

The distribution of the strains within the area is given below. 
Because exact information as to the location of some of the places of 
collection is not available they are not marked on the map (plate II). 

Place of collection: Species: Varieties: Strains: 

Maoniu Tr, vulgäre Host. ferrugineum Kcke. “Sd” 

“Wa” 

“Wb’^ 

“Wc” 

milturum Kcke. “Sg” 

“Wd” 

ItUeecena Kcke. “Si” 

“Sk” 
“SI” 
“We” 

erythroapermum Kcke. “Sn” 
“So” 
“Wf” 
“Wg” 
“Wh’" 

barbarosaa Kcke. “Wi” 

“Wk’" 
“Wl” 


Hostiamum Kcke. 
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Place of colleotion: 

Speoies: 

Varieties: 

Strains: 

Dorje Drag 

Tr. vulgäre Host. 

ferrugineum Kcke. 

“Sa” 

Gk>ngka (in the areas Tr, vuigare Host. 

ferrugineum Kcke. 

“Sb” 

of) 



“Sm” 

Kangting 

Tr. vulgäre Host. 

luteecena Kcke. 

“SI” 



pyrothrix Kcke* 

“Sr” 


Tr. compactum Host. 

Wittmackianum Kcke. “St” 

Taining 

Tr. vulgäre Host. 

ferrugineum Kcke. 

“Sb” 




“Sc” 




“Se” 



barharoeea Kcke. 

“Sp” 

Taofu 

Tr. vulgäre Host. 

ferrugineum Kcke. 

“Sc” 




“Sf” 




“Wa” 



milturum Kcke. 

“Sh” 


Tr. durum Desf. 

affine Kcke. 

“Su” 


The populations originated from Maoniu (1, 3 mid 5), Taining (2) 
and from the area near Chungo (4). 

The list aboTe shows that there are a great number of strains from 
Maoniu. All the winter wheat strains and 8 of the 18 spring wheat 
strains are present in the material from Maoniu. This is of special 
interest as Maoniu is a mountain viUage to the north-east of Taining 
and is a rather isolated location. Therefore the material from that 
place must be chiefly local. It is characterised by an irregular 
and rather moist climate. Discussing the barleys from Eastem Tibet 
in 1940 the writer pointed out that most of the barleys from Maoniu 
are late and tall growing strains. This appears to be true also for 
the wheats from this location. It is very striking with the spring 
wheats. The strains of this crop from Maoniu need between 111 and 
121 days from seeding to ripening at Ultima. The Swedish check 
strains Diamant I and II need 111 days and Atle 115 days, and they 
are considered as medium late to late. For the winter wheat strains 
the number of days from the start of growth in spring until ripening 
varied between 108 and 114 which means that they are about me¬ 
dium late and eompare directly with the Swedish winter wheats 
Ergo and Thule II. Most of the spring wheat strains from Maoniu 
are between 96 and 106 cm tall. A few of them are even taller, being 
100 to 110 and 106 to 125 cm tall, while two of them are 80 to 
90 cm and 86 to 90 cm. Most of the winter wheats are between 
76 and 86 cm tall. Among the strains from Maoniu there are about 
as many bearded types as there are beardless ones. Strains of var. 
ferrugineum, var. erythro$perm%‘m and var. Iwfesoens, are most fre- 
quent. 

From Dorje Drag and the area of Gongka there are three spring 
wheat strains all belonging to one variety, var, ferrugineum. Two 
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of them are early and one is medium early. They are short growing, 
one of them reaching only 60 to 70 cm and the other two 80 to 90 cm. 
Dorje Drag, situated to the south of Tachienlu, is a monastery 
where sale of seeds from surrounding areas takes place. Therefore 
is it impossible to know exactly what part of the countryside the 
samples from Dorje Drag came from. To judge from the characters 
it seems possible that they originate from rather dry and poor agri- 
cultural areas. 

From Kangting (Tachienlu) there are three strains, one of which 
belongs to Tr. vulgäre var. lutescens, another one to Tr. vulgäre var. 
pyrothrix, and a third one to Tr. eompactum var. Wittmackianum. 
All these strains are awnless, tall and late. They are between 95 
and 106 cm tall and require 118 to 121 days to ripen. As Kangting 
is a place with rather moist climate, these strains seem to be very 
well adapted to the local conditions and can be expected to be of 
local origin. 

Taining is also located in the neighbourhood of Kangting and 
represents and area with a fairly dry climate. Of the barleys early 
and short strains seem to predominate (Åberg 1940). This is the 
case also with the spring wheats although there are variations in 
height in the four strains from there. Three of these strains belong 
to var. ferrugineum and one to var. barbarossa. The strains of var. 
ferrugineum ripened in 106, 106 and 110 days and grew to a height 
of 86 to 90, 90 to 96 and 96 to 100 cm i.e. two of them are early and 
short and one of them is a medium early and mid-tall. The strain 
of var. barbarossa is an early and very short strain. 

Taofu is located in an area with very dry climate. The strains 
from Taofu also indicate this. Among them there is one belonging 
to Triticum durum var. afjine. Compared with the strains of Tr. 
vulgäre it is late and rather tall. There are two strains of var. jerru- 
gineum from the locality. They are relatively short, 86 to 95 cm tall, 
and ripen early (Se) or medium late (8f). The strain of var. milturum 
is medium late and reaches a height of 90 to 96 cm. The winter wheat 
strain shows many similarities to the material from Maoniu. In 
fact, it is identical with one of the strains from that place. Therefore 
it appears that the material from Taofu is not only a local material 
as some of the strains show characters that more closely correspond 
with other climates of the area than with that of Taofu. It was also 
pointed out by the present writer in 1940 that the influence of the 
transport routes inside the area may be more easily noticeable in 
some localities than in others. One of these must be Taofu. 

Since most of the strains were obtained from Maoniu it is only to 
be expected that also the greatest number of populations should be 
collected there. This is also the case, as three of the five populations 
came from Maoniu. They are quite similar in earliness as they all 
are medium late. In height they differ and are 60 to 70, 76 to 85 
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and 85 to 95 cm tall. One population came from Taining and is 
quite similar to the populations from Maonin. The populations from 
Maoniu and Taining are spring wheats and belong to var. ferrugineum. 
From Chungo located on the route from Taining to Dorje Drag, 
there is a winter wheat population that seems to carry the genes 
both from var. luteaoens and var. erythrospermum. It was coUected 
in a locality right on the transport route, and it is difficult to deter- 
mine whether it originated from that place or if it was brought there 
from the other locahties where these two varieties were found 
growing. 

To sum up the impressions from the distribution of the material 
in the area which Smith visited it should first be stated that the 
material from Maoniu is the most interesting one. It comes from 
an isolated locality, it is richer in types than the material from any 
other place and it contains winter wheats as well as spring wheats. 
It may represent very old types grown under isolation for a number 
of years and highly influenced by the environment during a long 
period with the result that it actually corresponds to the prevailing 
climatic conditions. On the material from the other localities there 
is such typical local influence only in a few cases. There may, for 
example, be one in the material from Taining, as the types from that 
locality are earlier and shorter than those from Maoniu, probably 
corresponding to the rather dry climate in Taining. Such an influence 
also seems to occur in the material from Kangting, as it is generally 
late and tall, which corresponds to the rather moist climate in that 
place. But for Dorje Drag, Taofu and the area near Gongka, there 
is not a definite correlation between the climate of the locality 
and the type of wheats. It is most likely that in these places Smith 
got material that represent the whole area he visited rather than 
the place where he obtained it. 

If the wheats from Eastern Tibet, as illustrated by the descrip- 
tions above, are compared with the wheats of the world with particu- 
lar emphasize on the world distribution of the wheat there is a good 
agreement. In 1921 Percival stated that the varieties ferrugineum, 
erythrospermum, lutescens and milturum, all contain a great number 
of types and are widely distributed over the world. Consequently 
it is to be expected that they will be found also here and as a mat¬ 
ter of fact they are the most common varieties. It is interesting to 
note that many of the strains of the varieties from Eastern Tibet 
appear to be rare ones. In addition to the material of the four 
varieties just mentioned there are types of three more varieties of 
Tr. vulgäre, namely var. barbarossa, var. pyrothrix and var. Hostia- 
num, There is also one strain of Tr. eompactum var. Wiitmackia- 
num and there is one of Tr. durum var. affine. The presence in 
Eastern Tibet of these five strains is interesting as they do not 
seem to have been reported previously from that area. 
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Practical value. 

The practical value of the wheats from Eastern Tibet will depend 
on their breeding value. The strains can not be used directly in 
our modern agriculture because of their low-yielding capacity. The 
value of the material for Swedish plant breeding is given in detail 
by the present writer in another paper (Åbebg 1947) in which there 
are also given some data on the qualities of the strains. There are 
strains with a high protein content. Gluten content and gluten 
quahty also appear to be markedly better than in the Swedish 
check strains. Therefore the strains may be of value for improve- 
ment of baking quality. Stiffness of straw and disease resistance 
vary considerably but most of the strains do not seem to be out- 
standing with regard to these properties. 


Summary. 

Strains of spring and winter wheats, which were collected by Dr. 
Harry Smith in the area of Kangting-Taining-Taofu of East-Tibet 
in 1934—35 are described and their value for the studies of classi- 
fication and distribution of wheats as well as their practical value 
is discussed. The descriptions are based on studies at Ultuna during 
the years 1935 to 1940 and 1946 to 1947. The foUowing results were 
arrived at; 

1. The spring wheats ha ve been divided into 18 strains and four 
populations. Six of the strams belong to Tr. vulgäre Host. var. 
ferrugineum Kcke., two to var. milturum Kcke., three to var. 
lutescens Kcke., three to var. erythroapermum Kcke., one to var. 
harharossa Kcke., and one to var. pyrothrix Kcke. There is one 
strain of Tr, compactum Host. var. WittmacJcianum Kcke. and 
another one belongs to Tr, durum Desf. var. affine Kcke. The 
four populations all belong to var. ferrugineum Kcke. 

2. The winter wheats all belong to Tr, vulgäre Host. and may be 
divided into 11 strains and one population. Three of the strains 
belong to var. ferrugineum Kcke., one to var. milturum Kcke., one 
to var. lutescens Kcke., three to var. eryihrospermum Kcke., two 
to var. barbaroasa Kcke. and one to var. Hostianum Kcke. The 
population apparently originates from a cross between var. 
lutescens and var. erythrospermum. 

3. All the strains are different from earlier known strains of the 
above mentioned varieties. They are local variations brought 
about by the specific environmental conditions of the areas where 
they were collected. 
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4. Most of the strains were obtained from a rather isolated localiV? 
Maoniu. Bight of the eighteen spring wheat strains and eleven 
of winter wheat strains came from this place. Under the in- 
flnence of the environment in this locality a specific ecological 
group of great interest has develoi)ed. Less distinct ecological 
groups were also found at Kangting and Taining. The material 
from the other localities (Dorje Drag, the area of Gongka, and 
Taofu) is a mixture of types.. 

5. The material contains early, medium early, medium late and 
late strains. There are great variations in height of the plants. 
Some of the strains reach only 60 to 70 cm, others 105 to 125 cm. 
Also in other characters there are great variations indicating the 
varying gene setup in the material. 

6. For use in plant breeding the .baking qualities of the strains are 
of special interest. Disease resistance and stiffness of straw do 
not appear very useful. 
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Oats fi*om Eastern Tibet. 

By EWERT ÅBERG. 

From the InaUMe of Plant Huebandry (Orop Prodtietion), 

Introduction. 

In the preceding paper (Åbebg 1948) the wheatB from Eastern 
Tibet, brought to Sweden by Dr. Habey Sihth of the Institute of 
Taxonomic Botany of the University of Uppsala, were discussed. 
In that paper referencés were made to earlier pajiers on the ce- 
reals and peas which Smith coUected (Åbebg 1938, 1940, 1947; 
Lampbbght 1944; Smith 1947). The origin and composition of all 
the samples were given by the present writer (1940) and the samples 
of interest for the discussion on wheat are listed above (åbebg 
1948). Therefore only the five samples containing oats are described 
below. The characteristics of the area from which these five samples 
originate are found in the preceding paper where the methods for 
studying the material are described. In the oats no other quality 
factors than kernel weight were determined. 

Material. 

The samples containing oats that germinated were: 

13062. Spring barley from Maoniu (Ndröme), alt. 3 000 m. 


g 

Barley. 32.9 

Wheat. 13.2 

Oats. 0.1 

Weeds. 0.1 

Residue. 3.0 


Total 49.3 

13063. Winter barley from Maoniu, alt. 3 000 m. 

g 

Barley. 120.6 

Wheat. 11.4 

Weeds. 0.1 

Residue. 0.0 


Total 133.0 
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1$066, Barley from Taining^ alt. 3 500 m + . 


g 

Barley. 354.0 

Wheat. 1.1 

Oats. 0.2 

Weeds. 0.9 

Residue. 28.4 


Total 384.6 

13067. Barley from Taining, alt. 3 500 +. 


g 

Barley. 45.8 

Wheat. 0.2 

Weeds. 0.1 

Residue. 0.7 


Total 46.8 

13078. Winter Wlieat from Maoniu, approx. alt. 3 000 m. 


g 

Wheat. 124.0 

Barley. 0.6 

Oats. 0.1 

Peas. 0.1 

Weeds. 0.1 

Residue. 1.3 


Total 126.2 

In two of these samples, 13063 and 13067, the oat kernels were 
so poor at the separation that they were put in with residue and not 
expected to germinate. They did, however, give rise to plants. 


Description of types. 

Principles of description. 

Eecent publications on the value of the taxonomic characters of 
Oats are rare. Ethebidge (1916) classifying cultivated oats worked 
thröugh the characters that could be expected to be of value for 
classification. The observations on the characters on the East- 
Tibetan material were made in accordance with Etheridge’s system. 
As the work continued it was found that the material of oats coii- 
tained only three types. All of them had 42 chromosomes but eacli 
of them appeared to belong to a separate species. Therefore the 
literature with special emphasis on species characters were used. 
Thus the works by Linnaeus (1753), Kooh (1848), Zade (1912, 
1918), Malzew (1930), I7ICOLAISEN (1940) and Cofpman (1946) 
were consulted. The descriptions below, which were used for the 
classification of the material, are based on studies of the following 
characters. 
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Physiological and marphological characters: 

Type of early growth. 

Color of baaal leai sheaths. 

Hairiness of basal leaf sheaths. 

Waxiness of leaf sheaths. 

Hairiness of nodes. 

Size of flagleaf. 

Size of other leaves. 

Hairiness of leaf margii^. 

Plant height. 

Distance flagleaf to spike. 

Type of panicle. 

Number of grains in spikelets. 

Color and length of outer glumes. 

Number of nerves on outer glumes. 

Color of flowering glumes. 

Number of nerves on flowering glumes. 

Occurence and shape of awns on flowering glumes* 

Color of awns on flowering glumes. 

Appearance of barbs on awns of flowering glumes. 

Length of flowering glumes. 

Hairs on flowering glumes. 

Hairs on callus. 

Length, shape and hairiness of rachilla of outer grain. 
Appearance of kemels (naked or covered). 

Ägronomic, pathological and quälity characters: 

Heading time. 

Bipening time. 

Stiffness of straw. 

Resistance to crown rust {Puccinia coronifera Kleb.). 

Kemel weight. 

As a cheek strain during the years 1936 to 1940, 1946 and 1947 
when the material was studied the Swedish spring oat ^^Seger’’ 
belonging to Ävena sativa L. var. aristata Kr. was used. It is described 
below as well as the three types of East-Tibetan oats, one of which 
belongs to Avena sativa L. var. aristata Kr., another one to Ävena 
sativa L. var. chinensis Pisch., while the third one is the common 
wild oat, Ävena fatua L. var glabrata Peterm. 
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Swedish spring oat used as a check strain. 

Strain belonging to Avena sativa L. var. aristata Kr. 
Seger (Victory) (Plate 1:1). 

' DeacripHan, — Karly growth erect; based leaf aheaths green» non-hairy; 
leaf aheaths waxy; stems without hairs at the nodes; flagleaf 10 to 15 cm 
longt 12 to 15 mm wide; other leaves 15 to 20 cm long, about 15 mm wide 
with glabrous margins; plants 85 to 90 cm tall; distance fla^eai to spike 
15 to 20 cm; panicles equilateral, spikelets 2- or 3-grained; outer glnmes 
yellowish white, 16 to 20 mm long, with 10 to 11 nervea; fjowering glumes 
of outer grain yellowish white, with 10 to 11 nervea with or without a barbed 
awn, flowering glumes of outer grain 13 to 17 mm long; hairs of lemma and 
callus misaing; rachilla of the outer grain 2 mm long, flattened, non-hairy; 
outer graina 13 to 15 mm long; inner grains 10 to 11 mm long. 

Heading time 68 days; ripening time 106 days; straw medium good to 
good; resistance to crown rust medium good; kemel weight 33.0 g. 

Tibetan spring oats. 

Strain belonging to Avena sativa L. var. aristata Kr. 
Strain ‘'Sa.'' (Plate 1:2,3). 

Plants from sample coUeeted at Maoniu (13062). 

Description. — Early growth erect; basal leaf aheaths purple, hairy; leaf 
aheaths slightly waxy; stems hairy at the nodes; flagleaf and other leaves 
10 to 12 cm long, 8 to 10 mm wide, leaf margins without hairs or with a few 
hairs; plants 75 to 80 cm tall; distance flagleaf to spike 15 to 20 om; panielés 
equilateral, spikelets 2- or 3-grained; outer glumes yellowish white, 15 to 
20 mm long, with 9 to 11 nerves; flowering glumes reddish white, with 9 
to 11 nerves; flowering glumes of outer grain with a genieulate, below the 
knee twisted, black and barbed awn; flowering glume of outer grain 15 to 
18 mm long; no hairs on the flowering glumes but a few on the callus; ra¬ 
chilla of the outer grain 1.5 to 2 mm long, flattened, non-hairy; caryopsis 
7 to 10 mm long. 

Heading time 62 days; ripening time 109 days; straw medium, good; 
resistance to crown rust good; kemel weight 18.5 g. 

Strain belonging to Avena sativa L. var. chinemis Fiach. 
Strain “Sb." (Plate II: 1, 3). 

Plants from samples coUeeted at Taining (13066, 18067) and 
Maoniu (13078). 

Description, — Early growth erect; basal leaf aheaths green, hairy; leaf 
aheaths slightly waxy; stems hairy at the nodes; flagleaf 15 to 20 om long, 



PL.1. 
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1. Paniole the Swedish strain “Seger” (Victory), 

X Vj- 

2. Panicle of Avena sativa L. var. ari&tata Kr., 
strain “Sa”, x i/,. 

3. Kemels of Avena sativa L. var. anstata Kr., 
strain “Sa”, x 





1. Panicle of Avem sativa L. var. chinensis Fisch., 
strain ‘\Sb”. / 

2. Panicle of Avem fatua L. var. glabrata Petenn., 
strain “Sc”. x i/^. 

3. Kernels of Avem aativa L. var. chineneia Fisch.. 
strain ‘"Sb”. x 8L. 
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]{0'to 15 mm ^de> olåier leaves 20 to 25 om long» aboul) 15 mm 
witb oiliate margms; plants 90 to 100 <mi tall; distance flagl^ to 2Ö\ 
to 25 cm; pamolcs equilat<»ral, spikelets 3- or 6<>g]rafned; outer glumes yeUp^^ 
wish whitc, 15 to 20 tmn locg» with 9 to 11 nervee; flowering ^imies yellp* 
wish whitOy with 9 to 11 nerves; flowering glumes pf fiist and seppnd gram 
with a geniculate, below the knee twisted» black and barbed awn; flowering 
glume of outer grain 15 to 20 mm long; hairs of flowering glumes oallus 
missing; raohilla of the outer grain 7 to 9 mm long» flattened and curved 
with short hairs; oaryopsis falling. off from the flowering glumes at the 
lOaturity;, 5 to 9 mm long. 

Heading time 67 days; ripening time 101 days; straw medium good; 
resistanoe to crown rust medium good to poor; kemel weight 18.0 g. 

Strain belonging to Avena /oliia L. var. glabrata Petenh. 
Strain (Plate 11:2). 

Plants from sample collected at Maoniu (13063) and at Taining 
(13067). 

Deecripiian, — Early growth erect; basal leaf sheaths green» hairy; leaf 
sheaths very slightly waxy; stems non-hairy at the nodes; flagleaf 10 to 
15 cm long, 10 to 15 mm wide, other leaves 12 to 18 cm long, 10 tö 15 mitt' 
wide, leaf margins ciliate; pleuits 50 to 90 cm tall; diatanoe flagleäf tö spSfce' 
15 to 20 cm; panicles equilateral, spikelets 2- or 3-grained; outer glumes- 
yellowish white, 18 to 20 mm long, with 9 to 11 nerves; flowering glumes^ 
black, with 7 to 9 nerves, flowering glumes of first and second grain with 
a geniculate, below the knee twisted, black and barbed awn, flowering 
glume of outer grain 15 to 18 mm long; no hairs on the flowering glumes/ 
numerous hairs on the callus; rachilla of the outer grain 2 mm long, flat- 
tened, long-haired; caryopsis 7 to 9 mm long. 

Heading time 68 days; ripening time 107 days; straw medium good to 
poor; resistanoe to crown rust poor; kemel weight 16.0 g. 


Discussion. 

Only three strains of oats were fonnd in the material from Eastem 
Tibet and of thepe only two are cultivated oats while the third one 
is a coxnmon strain of wild oats. Of the cultivated ones var. ariatata 
Kr. was present in a sample from Maoniu. The variety is earlier 
reported from Asia. Thus Moedvinkina (1936) reports the variety 
from Euroxie^ Asia, America and Australia, but the locality reported 
above is not mentioned by Moedvinkina. On her map over the 
centres of origin of oats it falls, however, within the area where 
Åvena fatua is found. GDhe latter one is considered the wild form 
of Aveim sativa and then it can also be expected that varieties of 
Avena sativa are found within the area. Madzew (1930) says about 
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the tyi>es that orginated from Avena fatua that tkere is one group 
(according to him called prol. cMnensis) with thm grains that is 
growB whereever oats can be grown and is found in majority in 
the Southern and central provinces of Eussia, and the corresponding 
latitudes of Europé and Korth America. There is considerable simi* 
larity between the strain described here as strain ^^8a’^ and the types 
Malzkw discusses. Malzew also points out that the types within this 
group belong to the ancient group of cultivated oats. It is, therefore, 
interesting to find this strain in the mountain valleys of Eastern 
Tibet. It is impossible to say, on basis of the material presented 
here, whether the strain is an endemic one in the area or was brought 
there, but the fact that the localities are isolated and the agreement 
with the ancient oats is good, indicates that this strain might be an 
endemic form of oats in Eastern Tibet. 

Ävena sativa var. chinensis is a common type in the areas where 
Smith travelled. Mordvinkina (1936) shows this on her map of 
the centres of origin of cultivated oats. The strain was also iso¬ 
lated from three samples, namely two from Taining and one from 
Maoniu. The strain ^‘Sb’’ agrees well with earlier described naked 
oats. It has between 3 and 6 flowers per spikelet as is known to be 
the case in the naked oats. Nicolaisen (1940) even mentions that 
the number of flowers varies from 3 to 12. Consequently there is 
no doubt in regard to the identity of the strain ‘‘Sb” as it belongs 
to one of the most common types in that area of Asia which Mobd- 
VINKINA even considers as the centre of origin of the type. 

The wild oat in the material is a strain with glabrous lemma and 
basal hairs. Apparently it belongs to Avena fatua L. var. glabrata 
Peterm., which has been considered a transitional form between 
Avena fatua and Avena sativa. Ethebidge (1916) mentions it as 
such a type. Zade did not consider it as stabile but rather as a 
segregating type being intermediate between Avena fatua and 
sativa. However, the strain described above has remained stabile 
throughout the period when it was studied. 

It is evident that the oats from Eastern Tibet found in the material 
collected by Smith are too few to give a picture of the types of oats 
in the area. They may or may not represent the most common 
types in the moimtain vaUeys that Smith visited. The strains of 
oats described here are apparently new ones but their value for 
discussions on the taxonomy and ecology of oats can be fully 
understood only after more material is available from the area. 
From a breeding point of view it would be interesting with more 
material from the area as the isolation in the mountain valleys 
undoubtedly has caused certain characters to develop in a direction 
that is specific for the material. In earliness the two cultivated 
forms are as early as or earlier than the Swedish strain ^‘Seger^^ 
(Victory). They have very small kernels as compared to Swedish 
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oatB. Disease resistance is not as good in strain as in <^Seger^\ 
On the other hand strain ^^Sa” appears a little better than ^‘Seger/’ 
None of the strains irill be directly useful in Swedish agrictiltnre, but 
since they may contain a new gene material they may be valuable 
for plant breeders. 


Summary. 

The oat strains in the material of cereals and peas coUected in 
Bastern Tibet by Dr. Harry Smith in 1934—1936 are described and 
discussed. There were only three strains of oats, two cultivated 
forms and a wild form. Of the cultivated ones there were a huUed 
type and a naked one. Both belong to Avena sativa L. The strain 
of wild Oats belongs to a variety of Avena fatua L. The material is 
not large enough to allow conclusions of taxonomic and ecological 
importance. For the plant breeders it may, however, be of interest 
as it comes from isolated villages in the valleys of Eastern Tibet 
and therefore may have a gene setup that makes it valuable for 
crosses with the present strains of oats in Sweden. 
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Gereals and Peas from Eastern Tibet and thelr 
Importance for the Knowledge of the Origin of 
Cultivated Plants. 

By EWERT ABERG. 

From the Inatitute of Plant Huabandry (Orop Production). 


Introduction* 

In a seriee of papers by the present writer (1938 a, 1938 b, 1940, 
1947,1948 a, 1948 b) barley, wheat and oats frona Eastern Tibet were 
deseribed and discnssed. Lampbecht (1944) discussed peas from the 
same area and Smith, who coUected the material in 1934—193ö, 
deseribed the area where the material grew in its native environ- 
ment (1947). Since the papers were published in different journals 
and periodicals over a period of ten years and because it was not 
possible to summarize all the results at a previous time, this wUL 
be done in the present paper. The importance of the material for 
the knowledge of the origin of cultivated plants will also be discussed 
in this paper. In the foUowing the diseussions will be arranged in 
order: native area of the material, barleys, wheats, oats, peas and 
conclusions with regard to origin of cultivated plants. 

Native area of the material. 

The area where the material was coUected was deseribed in earlier 
publications (Smith 1947, Åbbbg 1940, 1948 a). It was pointed 
out that the Southern parts of the area has a rather moist climate. 
This is, consequently, the case for Kangting and adjacent areas 
(Åbebg 1948 a, plate II). Further north the climate becomes fairly 
dry as in Taining and very dry as in Taofu. Because of different 
altitudes in the various parts of the area this descriptive accoimt 
of the climatic conditions gives only an approximation of the aetual 
climatic conditions in each locality. Smith (1947) States that the 
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barley is grown from an altitude of about 2 500 m above sea level 
and continues np to approximately 3 500 m. Between tbe altitudes 
of 2 000 and 2 500 m whoat is the prevailing crop. Above the cultiv- 
ated areas the hillsides are covered with grassland. Smith considers 
the soil in the Taofu valley as a good fertile soil. In the rest of the 
area it is a gravel soil with a quite good content of mineral salts. 
He especially emphasizes that the calcium content is good. He 
thinks the nitrogen is not sufficient for a good growth, however, 
and the methods of cultivation are poor. Thus it may be concluded 
from Smith’s account that the area where the East-Tibetan cereals 
and peas originally grew is a poor agricultural area. Therefore it 
could be expected that the material should by nature have beeii 
selected to develop normally even when soil conditions are poor. 
It is interesting to compare Smith^s statements with the informa¬ 
tion the writer got in 1942 in a letter from Dr. H. L. Eichardson^ 
who was at that time stationed at the West China Union University 
in Chengtu, Szechuan. Accordmg to Kichardson the region con- 
sists of a somewhat dissected plateau at high altitudes, with a grass¬ 
land vegetation except in the lower valleys. The farmers, who are 
mostly Tibetans, cultivate the flat bottoms of the lower valleys or 
combine cultivation with animal husbandry, grazing their animals 
on bottom lands and on the hillsides. In some districts some members 
of the family take the animals to the hills during the summer while 
the rest takes care of the arable land in the valley. According to 
Kichardson the grasslands are true alpine meadows, similar to 
those of Switzerland and Norway, but of course differing in details. 
Although the soils of the meadows are often immature, they are 
strongly leached and acid. The climate of the area is probably quite 
similar to that of Switzerland with the important difference that in 
winter and early spring the precipitation is very low, particularly 
lacking on the floors of the large valleys. The planting of the crops 
sometimes has to be delayed if the dryness of the spring continues 
for a long period. Kichardson studied the soils and coUected samples 
for determining the pH-value. He always got values between pH = 
4 and pH = 5 independent of variations in the altitudes between 
2 900 and 4 800 m. He also assumes they are poor in mineral plant 
nutrients. Thus the opinions of Smith and Kichardson do not 
agree in regard to the details of the soils but this is rather unimpor- 
tant as they agree on the soils being poor for agricultural purposes. 

Barleys. 

The barleys were coUected in localities on altitudes between 2 600 
m and 3 600 m above sea level. This means they were grown almost 

* H. L. Richardsont Notes on Soil and Climatic Conditions in Eastern Tibet. 
— Letter to Ewert Aberg, June 17, 1942. 
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lip to the upper limit for growing cereals. According to Eichabbson 
t his is 3 800 m above sea level. Smith (1947) emphasized too that 
thcy came from altitudes close to the upper limit for barley growing. 

In 1938 (a, b) the present writer described the only huUed type 
found in the material, i.e, the wild six-rowed barley, described as 
Hordeum agriocrithon E. Åberg nova sp. In 1940 the rest of the 
material, all naked types, were described by the writer and the im- 
portanee of the material for the interpretation of the taxonomy 
and phylogeny of sect. Cerealia Ands. of the genus Hordeum was 
discussed in detail. At that time the following list of the species, 
varieties and strams of the East-Tibetan barleys was published. 

H. agriocrithon E. Aberg 

var. eu-agriocrithon E. Åberg 
var. dawoenae E. Åberg 
H. vulgäre L. emend. Lam. 
var. revelatum Kcke. “Sa” 
var. hangaicum Vav. et Orl. 
var. hangaicum Vav. et Orl. “Sb” 
var. chungenae E. Åberg 
var. nudijaponicum Vav. et Orl. “Sc” 
var. hadaka Vav. et Orl. “Sd” 
var. lamarum E. Aberg 
var. coeleste L. “Se” 
var. coeleste L. “Sf” 
var. himalayense Ritt. 
var. violaceum Kcke. “Sg” 
var. violaceum Kcke. “Sh” 
var. violaceum Kcke. “Si” 
var. tihetanum Vav. et Orl. “Sk” 
var. tihetanum Vav. et Orl. “SI” 
var. asiaticum Vav. 
var. sikangense E. Åberg 
var. kobdicum Vav, et Orl. 
var. comutiforme E. Åberg 

The material contains two hulled varieties with brittle rachis, 
Both are new as well as the species Hordeum agriocrithon. Within 
Hordeum vulgäre L. emend. Lam. four new varieties were de¬ 
scribed. Betailed descriptions of the new varieties and of the 
new strains of the old varieties were given by the present writer in 
1940. 

The description of the East-Tibetan barleys implied detailed 
studies of the taxonomio and phylogenetic systems of Hordeum L. 
A review of the earlier taxonomic systems as given by the writer 
(1940) shows that the interpretation of the taxonomic characters 
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in barleys varied widely. In 1940 the writer divided the sect. Cerealia 
Ands into five species, viz.: 

Hordeum agriocrithon E. Aberg 
Hardeum epontaneum C, Koch 
Hordeum vulgäre L. emend. Lam. 

Hordeum intermedium (Kcke.) Carleton 
Hordeum dietichum L. emend. Lam. 

Hordeum intermedium (Kcke.) Carleton is a very confusing name 
which the writer was aware of in 1940. At that time, however^ 
the information was not avaUable, which was later obtained during 
the writer’s long stay with the late Br. H. V. Haelan and with Br. 
G. A. WiEBE of the U. S. Bept. of Agriculture in Washington B. C. 
The confusion was cleared up by Åberg and Wiebe (1945). Thus 
the species of sect. Cerealia Ands. of the genus Hordeum L. were 
given by Åberg and Wiebe (1945) as foUows: 

Hordeum agriocrithon E. Åberg 
Hordeum apontaneum C. Koch 
Hordeum vulgäre L. emend. Lam. 

Hordeum irregulare E, Åberg e^^d Wiebe 
Hordeum diatichum L. emend. Lam. 

The division, just given, was employed by Åberg and Wiebe (1946). 

This brings to discussion the phylogenetic questions within the 
sect. Cerealia. Those questions were already discussed by the writer 
in 1940. At that time a scheme was given for the possible develop- 
ment within the genus. This is reprinted here with the name H. ir¬ 
regulare replacing JT. intermedium. 

The altematives as given above are according to Åberg (1940): 

‘‘1. Six-row, brittle-eared forma have devéloped into aix-row, tough- 
eared forma^ which have been further reduced to two-row^ tough- 
eared forma. The two-row brittle-eared forma have developed hy 
redvtction from the aix-row^ brittle-eared forma^ but have in no 
way influenoed the origin of the two-row^ tough-eared forma. 

H. agriocrithon is, except for typically “wild’’ characters, very 
similar to the tough-eared six-row barley. The six-row barley was 
cultivated earliest, and the change to tough rachis seems to have 
taken place at an early stage. The complete parallelism in the variety- 
series of six-row and two-row, tough-eared barleys is evidence in 
favour of the assumption that the derivation of two-row varieties 
from six-row varieties took place at a late period. A development 
of this nature may very well have taken place, and the emergence 
of two-row, brittle-eared forms and of two-row, tough-eared forms 
from six-row, brittle-eared forms and six-row, tough-eared respect- 
ively are parallel phenomena, although occurring at different periods. 
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Six-row barley 


Two-row barley 


Brittle rachis H. agriocrithm « ^ -ff. spofitaneum 


Toughra^hig L. emend. Lam. 



H, irregulare 
£. Åberg & Wiebe 


~ development a.coording to 1. 
= development aooording to 2. 
= development according to 3. 
=» development of H. irregulare. 


2. Six-row^ brittle-eared forms have devéloped into two-row^ britUe- 
eared forms^ wMch have then given rise to two-roWj tough-eared 
forms. Six-row^ tough-eared forms have developed from the six- 
rowj brittle-eared forms. 

There is indeed nothing to disprove a development of this nature. 
Var. euspontaneum is, certainly, very unlike tough-eared forms of 
barley, but the varieties described by CossoN, Vavilov and Orlov 
exhibit, in ^^non-wild characters,’’ good agreement with the two- 
row, tough-eared barleys. That development has followed these 
lines may thus be affirmed with certainty. 

3. The two-row^ tough-eared barleys have developed as hybrids 
between two-row, britUe-eared and six-row, tough-eared barleys. 

The ease with which crossings between the types in the section 
Gerealia take place is also evidence in favour of development along 
these lines. Both the tough-eared six-row and the brittle-eared 
two-row barleys must be phylogenetically older than the two-row 
tough-eared ones, and the possibility of the latter emerging from 
such crossings exists.” 

A fourth possibility: six-rowed tough-eared forms having arisen 
as hybrids between six-rowed brittle-eared and two-rowed tough- 
eared forms is excluded by the fact that the tough-eared six-rowed 
barley is probably historically older than the tough-eared two-rowed 
barley (J^ebö 1940)* 

In 1940 it was emphasized by the present writer that the pro- 
genitor of our oultivated barleys should be sought among six-rowed 
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brittle barleys. Only the types described at that time Åbebg (1938 a, 
1938 b, 1940) are known and ‘‘they represent a group of barleys 
assémbled in a species, H. agriocrithenf whieh on the basis of certain 
prominent features must be considered very similar to the progenitor 
we are seeking.” 

It was also pointed out ‘^that the few types of H. spontaneum 
that have been found must not be regarded as the only ones that 
ever existed.’^ Most likely they are only the remains of a two-rowed 
group of wild barley. 

Considering the discussion above it is obvious, as was stated in 
1940, ‘Hhat in the section Gerealia the transitions from brittle to 
tough rachis and from six-rowedness to two-rowedness have taken 
place more than once and are probably still taking place. There 
is nothing to indi(^ate that one of the two changes always take place 
before the other, but there is every probability that transition from 
six-row to two-row ears is going on at the present time. Owing to 
such difficulties in the way of studies in the mountain ranges where 
such changes may chiefly be supposed to take place spontaneously 
it is impossible to offer a definite opinion on the subject.” 

In 1932 ScHiEMANN, discussing the origin of cultivated barleys 
concluded that six-rowed barleys must be older than two-rowed. 
She also stated that the progenitor must be a six-rowed barley 
with brittle rachis, although such a type was not known at that 
time. After the first papers on Hordeum agriocrithon were published 
in 1938 ScHiEMANN (1939 a) expressed as her opinion that H. agrio¬ 
crithon takes the place of the assumed six-rowed barley. 

Freisleben (1940 a) when discussing the barleys from the German 
Hindukusch-Expedition in 1935 arrived at the conclusion that the 
Eastern limit for the area where two-rowed barleys are endemic is 
found in Afghanistan. In the East of Asia only six-rowed barleys 
are endemic, this is true also for the parts of Central Asia from which 
samples are available. Naturally many localities in Central Asia 
were never studied and therefore it is impossible to know what 
may exist in this area. However, Frbisleben (1940 a, 1940 b, 
1940 c) arrives at the conclusion that the earliest six-rowed types 
were similar to Hordeum agriocrithon and were found in Central or 
Eastern Asia. By selection tough-eared mutants or variants were 
ehosen by the peasants during the primitive agriculture. These 
six-rowed types spread eastwards and westwards but because of 
the geographic conditions the spread towards the East was easier 
and therefore the variation in six-rowed types became greater in 
the* East than in the West. The six-rowed types spreading westwards 
soon came into the area of Hordeum spontaneum which resulted in 
crosses between the six-rowed and two-rowed type. Thereby the 
possibilities for two-rowed tough barleys were present. 

Freiöleben^S opinion about the origin of cultivated barleys is well 
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expressed in one of his papers (1940 b) where he says that: ^^die 
Kultnrgersten Deszendenten wilder Stammformen darstellen, die 
den heutigen Vertretem der beiden Wddgersten JT. agriocrithon 
E. Åberg nnd H. spantaneum C. Koch nahestanden nnd wohl zu 
diesen zu rechnen sind^^ Fbeisleben^s opinion thus agrees very 
closely with the one the writer expressed in 1940. He does not 
assume that H. agriocrithon is the progenitor of cultivated barleys 
but that it represents a group within which the progenitor should 
be sought. This is completely in agreement with the writer^s abo ve 
cited statement from 1940. It differs somewhat from Schiemann’s 
(1939 a) as she is more positive in her viewpoints. Bhe says about 
the assumed six-rowed progenitor: ^‘Diese Liicke fiillt der schwedische 
Fund aus. Zugleich wirft er durch den Fundort neue phylogenetische 
Fragen auf.’’ 

Parodi (1947) discusses the origm of cultivated barleys. His 
viewpoints agree with those of the present writer. The only dif- 
ferenee should be that Parodi assumes that there is only one pos- 
sibility for the phylogenetic development within the section Cerealia 
of the genus Hordeum while in 1940 the present writer suggested 
three possibilities (see above p. 238). Parodi presents a scheme 
for the development in which he puts Hordeum agriocrithon as the 
progenitor. From this one Hordeum spontaneum arose by reduction 
of the fertility in the lateral florets. By loss of the brittleness of 
the rachis of Hordeum agriocrithon the tough-eared Hordeum vulgäre 
was developed. In the same way Hordeum distichum arose from 
Hordeum spontaneum, The species Hordeum irregulare is considered 
a cross-product between Hordeum vulgäre and Hordeum distichum, 

Bakhteyev (1947) opposes the viewpoints of the writer and also 
those of Freisleben and Schiemann. He is questioning the status 
of the wild barley si)ecie8 Hordeum agriocrithon. His opinion is based 
on the lack of knowledge as to the area of distribution of Hordeum 
agriocrithon and on the similarity between Hordeum agriocrithon 
and brittle-eared tyi)es obtained from crosses between two-rowed 
brittle barleys and six-rowed tough ones. Consequently Bakhteyev 
will bring into the discussion on the species delimitation specula- 
tions on the origin of Hordeum agriocrithon, The area of distribution 
ean hardly be discussed on anything but speculative grounds as 
long as the inner of Asia is not thoroughly searched for barley 
types. This has not been done yet. Eecently, however, Dr, Heinz 
Brucher^, since long time ago working with Asiatic barleys from 
öikkim and Tibet informed the writer that in the material from 
the ScHÄFER-expedition to Sikkim and Tibet black-eared, slightly 
brittle forms from Chungtang (Sikkim) had been found. They 
originated from arable lands sown with this type. In material 

^ Letter from Dr. Heinz Brucher to Ewert Aberg, November 28, 1947. 

16 —41490 LantbrukBhågskolané Annaler . Vol. 16 
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from Lhasa he found types of Hordeum agrioorithon with black lemma 
and palea but with longer awns (15 to 16 cm) than in the varieties 
of Hordeum agriocrithon from East-Tibet (9 to 10 cm). Bbucher 
expresscB as his opinion that there must be a considerable variation 
in the material of Hordeum agriocrithon in Eastem Asia. Thus 
there appears to be good reasons for accepting the original view- 
points of the writer also in regard to the area of distribution. 

Bakhteyev’s opinion that the speculations on the origin of plants < 
collected in the mountain valleys of Eastern Tibet should influence / 
the classifying of it according to taxonomic principles the writer { 
can not accept. In 1940 the present writer used only absolutely^ 
stabile characters for the delimitation of the species and refused 
all variable characters for this purpose. The speculations on the 
origin of the plant must be grouped in the same way as the variable 
characters and according to the writer^s opinion not useful in 
species delimitation. 

Bakhteyev discusses the derivation of cultivated barleys as 
ÅBERG, Freisleben and Schiemann assumed it to have taken 
place. Unfortunately the review of the writer^s paper from 1940, 
as given by Bakhteyev, is incorrect. Bakhteyev cites four pos- 
sibihties for derivation of cultivated barleys which the writer should 
have accepted. In reality four possibilities were presented by the 
writer (Åberg 1940) but one of them was rejected in the same paper 
on grounds that are cited above (p. 239), where the three alternatives 
that are possible for the derivation of cultivated barleys (p. 238) 
are also given. 

Even if in 1940 much space was given to the discussion of the* 
phylogeny of barley the writer at that time also treated the detailed 
taxonomic characters as well as the properties of value for plant 
breeding. The principles for the use of taxonomic characters in 
the classification of cultivated plants as presented in 1940 on basis 
of the studies of the Tibetan barleys were later on confirmed and 
widened in connection with the classification of American cultivated 
barleys (Åberg 1943, Åberg & Wiebe 1946, 1948). The practical 
value of the Tibetan barleys was diseussed by the present writer 
(ÅBERG 1940, 1947). It is evident 1) that resistance to mildew 
(Erysiphe graminis DC.) exists, 2) that resistance to leaf rust (Puccinia 
simplex Eriks. & Hen.) is not especially good, 3) that the yields per 
aere of the Tibetan barleys are low as compared to the yields of 
Swedish naked barley and of improved strains of Swedish hulled 
barleys, 4) that kernel weight is high in Tibetan barleys as compared 
with the Swedish check strains Stella, Dore and Kenia, and finally 
5) that protein content of the naked barleys from Tibet is high com¬ 
pared with that of the just mentioned Swedish check strains. 
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Wheat. 

The wheats from Eastern Tibet are described and discussed in 
detail in a preceding paper (Åberg 1948 a) in this volume. There- 
fore only a list of the material is given here. There are no new spe* 
cies or varieties of wheats. Several strains which apparently are 
new and are of special interest as they widen the views on the varia¬ 
tion in Tritioum vulgäre and on the distribution of strains within the 
same species. The list of strains is as foUows: 

Spring Wheats 

Triticum vtdgare Host. var. ferrugineum Kcke. strain “Sa” 

“Sb” 

“Sc” 

“Sd” 

“Se” 

“Sf” 

Triticum vulgäre Host. var. miliurum Kcke. strain “Sg” 

“Sh” 

TriticAnm vulgäre Host. var. luteacens Kcke. strain “Si” 

“Sk” 

“SI” 

Triticum vulgäre Host. var. erythroapermum Kcke. strain “Sm” 

“Sn” 

“So” 

Triticum vulgäre Host. var. harbarosaa Kcke. strain “Sp” 

Triticum vulgäre Host. var. pyrothrix Kcke. strain “Sr” 

Triticum compactufn Host. var. Wittmackianum Kcke. strain “St” 
Triticum durum Desf. var. affine Kcke. strain “Su” 

Winter Wheats 

Triticum vulgäre Host. var. jerrwgineum Kcke. strain “Wa” 

“Wb” 

“Wc” 

Triticum vulgäre Host. var. milturum Kcke. strain “Wd” 

Triticum vulgäre Host. var. luteacens Kcke. strain “We” 

Triticum vulgäre Host. var. erythroapermum Kcke. strain “Wf” 

“Wg” 

“Wh” 

Triticum vulgäre Host. var. barbaroaaa Kcke. strain “Wi” 

“Wk” 

Triticum vulgäre Host. var. Hoatianum Kcke. strain “Wl” 

The practical value of the wheat material is for breeding purposes. 
Particularly interesting are its good baking qualities (cfr, Åberg 
1947). 
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Oats* 


In the preceding paper on ‘^Oats from Eastern Tibet^^ the oat 
strains from that area are deseribed and discussed. They are: 

Avena eativa L. var. aristata Kr. Btrain “Sa’’ 

Avena sativa L. var. chinenaia Fisch. strain “Sb” 

Avena fatua L. var. glahrata Peterm. Btrain “Sc”. 

They do not represent anything particularly new a» they belong 
to species and varieties, known to be grown in this part of Asia. 
The number of representatives of the genus Avena could be expected 
to be small as oats are more sparingly found on the altitudes in 
Eastern Tibet where Smith collected his material than are barleys 
and wheats. In the above mentioned letter Eichabdson makes the 
following statement: ‘^It was evident on my journey that barley 
was grown at higher altitudes than wheat, and that it was thriving 
better than the local wheat near the upper wheat limit, where 
both crops were being grown; again, 1 only saw oats growing at 
eomparatively low levels (below 3 000 m) and here, although it looked 
healthy, it was still green when wheat and barley were ripening.” 

Peas. 

The peas, belong to the geographical race tibetanicum of Fiaum 
sativum L. These were studied by Lampeecht (1944), who discussed 
the material mainly from a genetic point of view, but also deseribed 
some of its morphological charaeters. He was able to show that 
the three lines of Tibetan peas differed from all previously known 
varieties of Pisum sativum by having a small spot of anthocyanin 
in the leaf axils instead of a ring of anthocyanin at this plaee or 
no anthocyanin at all. He also found that two of the lines (L. 611, 
L. 612) were slightly earlier than the third one (L. 613). Compared 
to our Swedish strains of peas all of the Tibetan lines are to be 
classified as medium early. Seed weight is low and varies according 
to Lamprecht between 85 and 130 g, while the seed weight of the 
Swedish strains varies between 150 and 350 g. According to Lamp- 
RECHT^s observations, which were made at Weibullsholm in Southern 
Sweden, the Tibetan peas from Smith^s collection are taller and later 
than the peas from Tibet, deseribed by Pellew and Sansome 
(1931). 

The present writer’s observations at Ultuna during 1935 to 1940, 
1946 and 1947 confirm the morphological descriptions by Lampbechi 
(1944). In the investigations at Ultuna it was possible to separate 
L 612 from L 611 and L 613 with help of seed weights. These are 
110 to 115 g for line L 611, 85 to 96 g for L 612 and 106 to 125 g 
for L 613. Thus the figures differ markedly from those of the Swed- 
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Fig. ]. Pods of L 611, a line of Tibetan peas belonging to Piaum actHvumL, 
originating from Dorje Drag. Natui*al size. 



Fig. 2. Soeds from the line, the pods of which are shown in fig. 1. ^ 

ish strains “Solo,” “Munk” and “Torsdag II.” The seed weights 
for these are 210 to 300 g, 150 to 200 g and 200 to 250 g respectiyely. 
There is, however, good agreement between “Bottnia Gråärt” 
and the Tibetan lines as far as seed weight is concerned. “Bottnia 
Gråärt” has a seed weight of 90 to 100 g. As to earliness the present 
writer found that the Tibetan lines need 97 to 101 days from seeding 
to ripening while “Solo” needs 97 to 102, “Munk” and “Torsdag II” 
95 to 101 and the early “Bottnia Gråärt” 93 to 94. In figures 1 and 
2 pods and seeds of L 611, grown at Ultuna, are shown. 

Conclusions with regard to origin of cultivated plants. 

The problems relative to the origin of cultivated plants, which will 
be discussed in connection with the above presented results from 
studies of Tibetan cereals will mainly center around the röle of 
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Central Asia in the development of plants now being cultivated. 
There is iinfortunately very little exact information about the flora 
of Central Asia. Much of what was published on the origin of cultiv¬ 
ated plants from Central Asia is therefore based on speculations 
arrived at by studying the old culture of the Chinese in the East 
and the Arabs and Semites in the West. Solms-Latjbaoh (18d9) 
is of the opinion that the transition from wild forms to cultivated 
ones has taken place in Central Asia. This should for example bi‘ 
the ease with wheat and barley. The progenitor should not have 
been transferred outside of that area where the change from wild 
forms to cultivated ones occurred. It remained there und pos- 
sibly disappeared. Of course Solms-Laubach^s opinion is based 
on speculations and he has not studied the different plants in Central 
Asia. Therefore Vavilov in 1931 rejects the suggestion by Solms- 
Laubach. This is done mainly on the results from an expedition 
to the northern slopes of Himalaya, which Vavilov and co-workers 
carried through in 1929. Vavilov has founded his rejection on the 
fact that there is only a small number of field crops in the ancient 
agricultural regions of Central Asia, that many wild growing relatives 
of cultivated plants common in south-western Asia, are absenl, 
that the variable diversity in the number of botanical varieties is 
less as compared for example, with Afghanistan and northern India, 
and that the recessive forms are common which is a peculiar pheno- 
menon characteristic of the periphery of principal areas. Con- 
sequently Vavilov supposes that the crops of Central Asia are mainly 
obtained from eastern Asia or even from south-western Asia. Natur- 
ally Vavilov’ s statements in 1931 are directly in coincidence witli 
his viewpoints on origin of cultivated plants as expressed in 1926 
when he put forward his theory of gene centres, based on the idea 
that the areas of origin of cultivated plants are those where the 
greatest diversity of hereditary forms and varieties are found. 
He prefers this way of locating the places of origin of cultivated 
l)lants before the ones used previous to 1926. He says ‘‘the very 
method, used by de Candolle and other authors to detormine the 
native country of a cultivated plant hy its occurrence in a certain 
locality in wild conditions, is not always reliable, firstly because 
many species of cultivated plants are unknown outside cultivation, 
and secondly because the so called ‘wild progenitors’ often represcnt 
narrow groups of forms with a small number of varieties, often 
isolated and unable to explain the whole diversity by which, as a 
rule, cultivated plants are represented, the more so as by nature 
they are frequently wild relatives and not progenitors.” 

Vavilov also States that “it must be borne in mind that no 
attempts to cultivate wild barley, wild wheat and oats will induce 
them to lose their peculiar brittle inflorescenee; they remain different 
from cultivated forms, a fact which makes their role as wild pro- 
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genitors more than doubtful. Schindlee’s experiments with cultiv- 
ation of mountainous rye, Seoale montanum Guss., which was oon- 
sidered as the progenitor of cnltivated rye, did not change it from 
a perennial into an annual plant and its brittle ear into the cnltivated 
type in spite of the experimentator’s wishes. Just as futile would 
be all attempts to change Avena fatua into Avena sativa^ Triticum 
dieoccoides into T. dicoccum, etc. Wild progenitors with characters 
furthering self propagation and self-dissemination, when they exist, 
represent a curious group of wild related forms, corresponding to 
cnltivated plants; they close sometimes as in the case of barley 
the series of cnltivated forms within the limits of Linnean species 
and connect them with wild plants. But their transformation into 
cnltivated forms, accepted by de Candolle and all following anthors, 
has not heen proved. Therefore, the occnrence of snch brittle pro¬ 
genitors fonnd during last years for wheat, millet, hemp, does not 
solve the problem of the origin of cnltivated plants and their geo- 
graphical centre of origin.’’ 

Also in 1926 Vavilov States ‘‘that areas of these wild progenitors 
are usually either too narrow, being restricted to limited and isolated 
regions or reversely, too broad for being utilized for locating the 
primary centres of cnltivated plants,” and he continues ‘‘very often 
the areas of wild progenitors do not coincide with the actual centres 
of the origin of forms, as will be seen further with regard to the 
cereals of the Old World and other plants.” Therefore Vavilov 
})uts forward his wellknown theory of primary and secondary gene 
centres. By doing so Vavilov made one of the outstanding con- 
tributions to the knowledge of the origin of cnltivated plants. He 
also brought to attention the limited areas within the total growing 
areas of cnltivated plants, where the breeders can obtain material 
with grcat gene diversity and how they, conseqnently, can enrich 
tlie breeding material with new genes. When Vavilov said in 1926 
“that very often the areas of wild progenitors do not coincide with 
tlie actual centres of the origin of forms” he had in mind the actnal 
centres of origin as those who were characterized by a great hereditary 
and varietal diversity. 

ScHiEMANN (1939 b) discussed Vavilov’s theory of gene centres 
and treated just the problems concerning these centres of gfeat 
diversity. She concluded that although the gene centres might be 
identical with the centres of origin of a cnltivated plant this is not 
the rule. She proves that the gene centres for wheats and barleys 
are not identical with the centres of origin. The centres of diversity 
are fonnd where the environmental conditions are favourable for 
the development of the plants. From Schiemann’s and Vavilov’s 
discnssions it seems correct to conclude that the centres of diversity 
are secondary mnltiplication centres located where the environment 
is favourable for snch a mnltiplication. This may be in the area where 
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the wild forms are growing or it may be outside of it. In regard to 
the origin of barleys it seems correct to agree with Sghiemann 
(1939 a) that the gene centres in South-western Asia and in Eastern 
Asia are not centres of origin but centres of multiplication. The 
centre of origin should be sought in between the two. As Sohiemann 
(1939 a) says: ‘‘Trotz des Fundortes der neuen sechs-zeiligen Wild- 
form dlirfen wir, unter Berucksichtigung des spontaneum-Areales 
die primäre Inkulturnahme, um mit Vavilovs Worten zu sprechen, 
‘in einem gemeinsamen Zentrum’, in dem neu liberbrlickten Zwischen- 
gebiet suche. Hier hat die phylogenetische Forschung einzusetzen 
und den Zusammenhang zwischen den WUdgersten unter sich, und 
danach mit den Kulturgersten beider Zentren bzw. der 11 geo- 
graphischen Gruppen zu priifen.’’ It should be cmphasized what 
the present writer concluded in 1940 that: “If light could be thrown 
upon the nature of the flora of the great, and as yet unexplored 
regions to the west of the place where H. agriocrithon was found, 
the question of the origin centre of barley might perhaps be settled. 
It seems most likely that this origin centre would be found in Western 
Asia.” The above mentioned information from Dr. Brucher 
on the variation in Hordeum agriocrithon makes this statement even 
more plausible. It seems that even if the gene-centre-theory of 
Vavilov is as important to-day as in 1926 in regard to our know- 
ledge on the diversity of plants there still should be put more empha- 
sis on the effect of the environment on the development of centres 
of diversity. The original material in the centres must not necessarily 
have arisen in these, but could equally well have arrived there from 
outside. Consequently it will be necessary for the understanding 
of the origin of cultivated plants to combine the theory of de Can- 
DOLLE (1884) and the theory of Vavilov (1926). The genetic change 
from brittle-eared forms to tough-eared ones as well as the environ- 
mental influence on genetically unstable plants both played an ini- 
portant röle in the development of cultivated plants. Neither of 
them can or should be neglected. 

Summary. 

Eesults from studies of barleys, wheats, oats and peas from 
Eastern Tibet carried out at the Institute of Plant Husbandry 
(Crop Production) of the Boyal Agricultural College of Sweden in 
Uppsala are summarized and discussed in connection with a short 
presentation of the data on the climate in the native area of the 
material. 

The writer discussed the importance of Hordeum agriocrithon 
for the phylogeny of the genus Hordeum. The writer^s previously 
advanced theory concerning the phylogeny within the genus Hordeum 
was accepted by Sohiemann, Freisleben and Parodi. Éecently 
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Bruohee has supported the suggestion of the writer in 1940 that 
Hordeum agrioerithon may exist in Central Asia. Therefore there 
are good reason for accepting the wiiter^s theory on the role of 
Central Asia for the origin of cultivated plants. The opinion, ex¬ 
pressed by Bakhteyev when he opposes the writer, Schiemann 
and Feeisleben is rejeoted. Bakhteyev^s opinion on the importance 
of the area of distribution and of the origin of the plants in the 
mountain valleys of Eastem Tibet can be nothing but speculations. 
They are too vague to consider in relation to the delimitation of the 
species Hordeum agrioerithon, 

According to the previous theories the role of Central Asia for 
the origin of cultivated plants is very unimportant. The studies 
of the Tibetan material have risen the question whether not 
Central Asia contained more material of importance for the deriva- 
tion of our cultivated plants than was previously assumed. The 
centres of origin, according to the theory of Vavilov must first of 
all be considered as centres of multiplication. The material in the 
centres could have originated there but could equally well have 
eome there from outside. The cultivated plants originated by a 
genetic change from brittle-eared types to tough-eared ones as 
suggested by de Candolle, but also by environmental influence 
on genetically unstable plants under especially favourable climatic 
(sonditions as suggested by Vavilov. Neither de Candolle nor 
Vavilov can be neglected. The combination of their theories seems 
necessary for the right understanding of the origin of the cultivated 
plants. 
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Nutritional Disease in Swine by Feeding Great 
Amounts of Molasses. Possible Thiamindeficiency 
in Pigs on Rations Containing Silage Preserved 
with Formic Acid. 

By PER 8LAGSVOLD. 

From The Amnial Reaemch Htation of the Royal Agricidtural College of Sweden . 


I. Introduction. 

It has been well known for a eonsiderable time that livestock fall 
ill on diets containin^^ a lot of molasses; they develop diarrhoea, or 
colic, and sometimes they die. The cause of the sickness is, however, 
not properly understood; some have put it down to potassinm poison- 
in^ir, while others have put the blame on the high sugar content of 
the molasses. It has, moreover, been shown that a molasses diet 
is apt to cause avitaminosis. The purpose of this investigation was 
to find out whether molasses sickness was caused by an overdose 
of potassium, or by some other factor. 

The investigation was earried out at the pig department of the 
Aiiimal Husbandry Research Station, under the Royal Agricultural 
(killege of Sweden. It was shown that whereas the growth rate of 
the pigs was reduced by the addition of potassium earbonate to the 
diet, no nervous disorders arose, even with a daily dose of 43.7 gm 
potassium earbonate. Thus the sickness must have been caused by 
some factor other than the high potassium content of the molasses 
A short survey is given of the literature, followed by a description 
of the investigation. 

II. ReTiew of Literature. 

According to Joel Axelsson (1939), molasses should not be fed 
to pigs until they have grown to weigh 40 kg, and then at the rate 
of only 0.5—0.7 kg a day per pig. 
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Husbt (1941), reported that pigs oould be safely fed with 20 % 
of molasses af ter attaining the weight of 76—80 kg. 

Labs Slagsvold (1942), wrote that horses developed diarrhoea, 
colic and partial paralysis of the hind quarters when fed on molasses. 

Beantb (1898), gives the foUowing description of molasses poison- 
ing in 7—9 months old pigs. The pigs’ diet consisted of rye bran 
(1 part), ground palm cake (1 part), and molasses (2 parts). Tem- 
peratnres were normal. The pigs developed convnlsions and nystag- 
mus, symptoms which were similar to those occurring in pigs poisoned 
with herring brine (which contains large quantities of sodium chlo- 
ride). From this, he inferred that the molasses poisoning was due 
to an overdose of potassium salts. 

Beinhabdt (1928), demonstrated that potassium poisoning became 
fatal only when large doses of highly solnble potassium salts were 
swallowed. 

L. Slagsvold (1942) drew attention to the part played by the high 
sugar content of molasses in bringing about molasses sickness. 

Knut Sjöbbbg and G. Jonsson (1941), showed that when the 
diet of rats was supplemented with molasses, their vitamin re- 
quirements increased to the point of avitaminosis. This diet eon- 
tained just sufficient vitamin to keep their live weights eonstant. 
When the rats were supplied, later on, with extra molasses, at the 
rate of 0.6—2.0 grams per day, Bj avitamonosis appeared in several 
cases. The blood pyruvic acid level went up to 1—4, 25 mg. % in 
the molasses rates, as against 0.64—0.73 in the control rats. 

Russbll, sr. Rasmussbn, Haeey Smith, Ralph W. Phillips 
and Tont J. Cunha (1942), fed young pigs, weighing between 25 
and 60 pounds, on a diet of barley, tankage, minerals and lucerne. 
WThen part of the concentrate was replaced by an equivalent amount 
of molasses,' the pigs lost both their appetite and their powers of 
co-ordinating their body movements, as shown by high stepping 
and svdnging of the head. In some cases, co-ordination improved, 
and a number of pigs continued to eat despite these symptoms. The 
disease was often fatal. When this disease-producing diet was 
supplemented, by 6 %, with brewers yeast or green lucerne, none 
of these symptoms occurred. With other natural vitamin sources, 
and vitamin preparations, however, only negative results were 
obtained. On the basis of these observations, the authors concluded 
that the disease was not caused through lack of any of the foUowing 
substances: Thiamiue, riboflavine, nicotinic acid, pyridoxine, cho- 
line, biotin, pantothenic acid; Vitamin C deficiency was considered 
highly improbable. They concluded that this disease was caused 
by some factor not previously encountered in pig nutrition. 
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III. Experimental Plan. 

Each group contained five pigs, which were selected to give the 
groups the greatest possible similarity with regard to weight, sex 
and heredity (see Table V). The greatest difference in ages was 4 
days. 

The grouping was arranged as follows: 

Group 1. Normal feeding ration. 

Group 2. Normal feeding ration with potassium carbonate. 

Group 3. Molasses. 

Group 4. Molasses and yeast. 

(iroup 5. Molasses and silage. 

Kecords were kept of the growth and fodder consumption of all 
1 he groups, while analyses were made of blood samples for the K, 
(•a, P, pyruvio acid and sugar contents of the plasma. The general 
liealtli of the pigs was carefully checked by clinical observations. 


Analysis and clinical examination. — 

The feeding stuffs were analysed at the Analytical Laboratory of 
the (-hemical Institute, Eoyal Agricultural College. The thiamine 
analyses were carried out at the National Institute for Public Health, 
Stockholm. The blood analyses and the clinical examinations were 
rnade by the aiithor himself. 

IV. Diet, 

(a) Before the investigation: From weaning time until the start 
of the investigation, the experimental pigs were fed on, concentrates 
and milk. The concentrate consisted of equal parts of barley and 
Oats, while 3.5 kg tankage was added to every 100 kg grain. Every 
pig was given 1.8—2.5 kg skimmed milk a day, as well as 15 gm of 
a mineral mixture consisting 50 % of calcium carbonate, 25 % of 
dicalcium phosphate and 25 % of common salt. 

(h) During the investigation: The Chemical composition of the 
diet is shown in Table T. The calcium carbonate and dicalcium 
phosphate were, however, not analysed, their Ca and P values, 
respectively, being taken from the averages worked out at the Animal 
Husbandry Eesearch Station. 

The potassium contents of the molasses and potassium carbonate 
were determined by analysis; the other potassium values were taken 
from literature. 

On the whole, the quality of the feeding stuffs was moderate, 
though the silage was a bit too coarse for the pigs. Table II shows 
the feeding ration from jan. 7th 47 onwards. All the groups re- 
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Deltafoder BDj, is foiind, on analysis, to contain about 3000 I.U. vitamin Bj per 100 gm. It is, beside guaranteed to contain 
10000 I.U. vitcnnin D 3 , and 40000 I.U. vitamin D, per 100 gm. 
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Table II. The daily feeding rations for the groups dt vdrious weights* 


Group 

Wt.of 

piga 

Barley 

Tank¬ 

age 

Molas¬ 

ses 

Yeast. 

Bilage 

KjCOg 

(gni) 

Scand. 

feed 

units. 

Digestible 

protein 

(gm) 



in 

kg 



36. 

1.60 

0.20 





1.69 

182 


45. 

1.84 

0.16 





2.00 

190 

1 . 

56. 

2.24 

0.10 





2,40 

219 


66 . 

2.56 

0.16 





2.70 

236 


76. 

2.86 

0.14 





3.00 

264 


36. 

1.60 

0.20 




64 

1.69 

182 


46. 

1.84 

0.16 




79 

2.00 

190 

2 . 

65. 

2.24 

0.16 




94 

2.40 

219 


66 . 

2.65 

0.15 




108 

2.70 

236 


76. 

2.86 

0.14 




120 

3.00 

254 


35. 

0.60 

0.36 

0.85 




1.61 

182 


45. 

0.77 

0.38 

1.05 




1.96 

206 

3. 

66 . 

0.95 

0.40 

1.25 




2.32 

228 


66 . 

1.06 

0.41 

1.44 




2.58 

239 


76. 

1.13 

0.42 

1.60 




2.80 

260 


36. 

* 0.60 

! 0.29 

1 0.86 

0.08 


1 

1.63 

187 


45. 

0.79 

0.28 

1 1.06 

0.10 



1.98 

204 

4. 

66 . 

1.00 

0.27 

1.25 

0.12 



2.36 

220 


65. 

1.10 

0.26 

1.44 

0.14 1 


2.62 

234 


76. 

1.20 

0.26 

1.60 

0.15 



2.84 

237 


35. 

1 0,60 

0.35 

0.86 


0.09 


1.62 

184 

5. 

46. 

0.77 

0.38 

1.06 


0.10 


1.98 

209 


56. 

0.95 

0.40 

1.26 


0.13 


2.34 

231 


65. 

1.06 

0.41 

1.44 


0.14 


2.61 
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ceived a fundamental diet of tankage and ground grain. From the 
start of the experiment to jan. 21th the grain mixture consisted of 
Oats, 50 %, and barley, 50 %; after jan. 22th however, the grain feed 
consisted entirely of barley. In groups 3, 4 and 5, however, 30 % 
of the grain was replaced by molasses from the start of the experiment 
until Jan. 6th, and 50 % replaced by molasses from jan. 7th to the 
end of the investigation. 

The diet received by Group 2 contained potassium, in the form 
of potassium carbonate, in quantities corresponding to those of 
the molasses in Group 3, 4 and 5. 

In Group 4, yeast formed 5 % of the total diet, replacing some 
of the concentrates. Brewers yeast was used from the start of the 
investigation until dec. 31th —46, but as supplies of this ran out, 
sulphite yeast, with a lower vitamin content, was used from that 
time onwards. 

In Group 5, 6 % of the daily ration consisted of silage preserved 
with formic acid, in addition to the molasses. Por the first 8 days, 
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the pigs were given four times this quantity of silage, but as this 
was not all eaten, the ration was cut down to 6 %. 

All the groups were supplied with vitamins A and D, while from 
the start of the investigation until feb. 26th, every pig was given a 
daily ration of 30 gm lucerne plus 1 gm Deltafoder (BD3). One gram 
of BD 3 contains 30 I.U. of vitamin Bj, 400 I.U. vitamin Dg, and 100 
I.U. vitamin Dg, 30 gm of lucerne meal contains about 7 000 gamma 
carotene. This lucerne and Deltafoder ration was stopped after feb. 
25th in order to avoid confusing the results with this supplementary 
source of nourishment, and was replaced by cod liver oil at the 
rate of 10 gm per 100 kg live weight. Enough calcium carbonate 
and calcium phosphate were supplied to keep the calcium and 
phosphorus levels of the diet uniform, at 7—9 gm Ca, and 5—7 gm 
P, per kg., dry matter. As the ash content of the tankage was greater 
than had earlier been anticipat^ed, the Ca, and P, levels of the pigs^ 
diet were higher than originally planned. 

Fadder consumption and composition. 

From the start of the investigation, an attempt was made to giv(‘ 
all the groups equal quantities of food. The size of the ration» 
were based upon the consumption of the slowest growing group, 
Group 5, but as these pigs soon began to lag behind in growth, the 
feeding of the other groups was made independent of Group 5’s 
ration, from feb. 4th. This group was given food ad libitum. 

Table III shows “the quantities of feeding stuffs and nutrient» 
in the experimental diet. The smallest absolute fodder consump¬ 
tion, and the lowest rate of consumption per kg. weight gained, 
oceurred in Group I, at 3.42 F.U./kg. The potassium carbonate 
group came next with 3.72 F.U. per kg. gain in weight. The highest 
rate of fodder consumption oceurred in the silage group, being 5.55 
F.U./kg of weight gained, while in Groups 3 and 4 they were, re- 
spectively, 4.13 and 3.92 F.U./kg of weight gained. 

The composition of all the rations are shown in Table IV, expressed 
in terms of percentage fat, carbohydrate, protein and ash, while 
the respective vitamin Bi contents are also given. The diet of the 
control group differs from the others in having only one fifth to 
one sixth their potassium contents; the lowest vitamin Bj level» 
oceur in Groups 3 and 5. 

Growth and growth rate, 

The pigs were weighed every Tuesday morning, their growth 
curves being shown in fig, 1. The curve for the average inerease 
in weight of the five groups over three consecutive weeks is seeii, 
in fig. 2, to be uneven from week to week. 

Growth fell off during those weeks in which blood tests were made. 
Table V shows the inerease in the weight of the pigs throughout 
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the investigation. The con- 
trol pigs in Group 1 showed, 
on the average, the best 
growth of all, and were the 
first to be ready for slaughter. 
The least gain in weight 
occured in Group 5 on the 
diet containing silage; these 
pigs also varied considerably 
in size. In this group, 2 of 
the pigs weighed only about, 
60 kg by the end of the in¬ 
vestigation, and one pig had 
to be slaughtered after the 
20th week of the investiga¬ 
tion weighing only 52.5 kg., 
as compared to its weight of 
69 kg. a fortnight oarher. 
The weight increases of the 
other groups ranged between 
those of Groups 1 and 5. 

The Group 2 pigs, on a diet 
supplemented with potassium 
carbonate, showed the best 
growth after those in Group 
1 and were uniform in size. 
The growth of the Group 3 
pigs was very variable; two 
of them had the quickest 
growth rates of the whole 
investigation, and two had 
rather slow rates. The Group 4 pigs grew rather slowly, bui 
steadily. 

The growth of the pigs in the different groups caii be compared 
from Nov. 27th to March 25th (when the quickest growing pigs were 
slaughtered. 

The data is subjected to variation analysis, and the comparison 
of the groups is made in Table VI. 

Table VI seems to indicate that the differences in growth were 
greater between the groups than within them. The probability 
that this difference is not due to chance lies between 0.95 and 0.99. 
(This probability is marked with one asterisk after Bonnier Tedin, 
1940). — Thus a real difference in the growth of the groups is pro- 
bable. 

The growths of groups 1 and 2 are compared, see Table VII. 

The probability that a difference exists between the growths ol 



Date. 


Fig. 1. 
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the control and potassium carbonate groups lies between 0.8 and 
0.95. There is some reason to assume a real difference between the 
growths of Groups 1 and 2, which were on the same diet, apart from 
the extra potassium carbonate received by Group 2, at the rate of 
79.7 gm per day, and which seems to have retarded growth. This 
effect could have been due to various cause such as a deorease in 
digestibility, or a greater heat loss through increased consumption 
of water and therefore more work for the circulatory organs and 
kidneys. Briggs and Heller (1948), found that potassium salts 
in the diet of lambs slightly lowered their assimilative capacity, 
but the decrease in the digestibility of the ration was less than that 
caused by the addition of blackstrap molasses. While the pigs in 
Group 2 were receiving potassium, they drank, on the average, 
4—5 kg more water than those in the control group. The temperature 
of the drinking water lay, presumably, around 8° C, and the pigs 
body temperature at about 38® C. Five extra kilograms of water 
drunk every day would cause a bodyheat loss of 150 Calories a day. 
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Table IV. The percentage Chemical composition of fhe experimenUU 
diet, with thiamine contents expressed in inUmationd units, per feed- 
unit, and per kg, dry matter. 


Nutrients 

Group 1 

Group 2 

Group 3 

Group 4 

Group 5 

Crude fat. 

2.6 

2.3 

1.9 

1.7 

2,0 

Crude protein. 

1S.9 

16.2 

20.9 

19.6 

21.6 

Protein. 

14.2 

13.6 

13.7 

13,0 

14.4 

Digestible protein. 

10.51 

10.08 

10.37 

10.08 

10.89 

Crude fibre. 

5.0 

4.8 

2.3 

2.3 

2.6 

Nitrogen-free extract. 

70.0 

67.7 

64.2 

66.0 

63.0 

Ash. 

6.0 

9.0 

9.9 

9.6 

9.9 

Ca. 

1.09 

1.04 

1.40 

1.22 

1.42 

P. 

0.65 

i 0.63 

0.76 

0.64 

0.74 

K. 

0.38 

2.17 

2.13 

2.19 

2.24 

Ca/P. 

1.67 

1.66 

1.88 

1.91 

1.91 

I.U. thiamine/f.u. 

1430. 

1426. 

810. 

1406. 

802. 

I.U. thiamine/kfir.d.in. 

1670. 

1618. 

863. 

1473. 

840. 


Evacuations in this group were rather normal, as most of the extra 
water was excreted by the kidneys. The molasses groups received 
as much potassium in their diet as Group 2, which factor presumably 
checked their growth as much as in Group 2. The growth of the 
molasses groups was still less than that of the potassium group, 
though this difference is not confirmed statistically. Differences 
also occurred between the growths of the molasses groups. The 
probability of a difference in the growths of Groups 3 and 4, on the 
one hand, and 5 on the other, lies between 0.8 and 0.95. There is 
thus no certain statistical confirmation, but the results indicate 
that a difference could exist between the growths of Group 5, on 
the one hand, and Groups 3 and 4 on the other. 

The only difference in the nature of the diets fed to Groups 3 and 
5 lay in the extra silage received by Group 5. 

Loss of appetite by the Group 6 pigs made it necessary to reduce 
their rations after Peb. 4th; from the start of the experiment, the 
growth of this group was less than those of Group 3 and the others, 
probably on account of a growth retarding effect of the silage. 
Gomparison of the growths of Group 3 and 4 revealed no defiuite 
difference. Briefly, then, doses of potassium carbonate were found 
to retard growth; as did molasses (in place of 50 % of the concentrates) 
and formic acid silage in particular. 
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Table V, Sex^ initial and final weigkis of the pigs^ experimental 

time in weeks* 


Group 

No. 

Sex. 

Weights (in kg) 

Experimental 
period 
(in weeks) 

Initial 
1946 Nov. 
27th 

On 1947 
March 
26th 

Final 

Gain 

Nov. 27th- 
March 26th 


253 

f. 

21.5 

87.0 

100.0 

65.5 

19. 


258 

f. 

23.5 

98.0 

101.0 

74.5 

18. 

1 . 

265 

m. 

22.0 

93.0 

100.0 

71.0 

18. 


271 

f. 

21.0 

92.0 

100.0 

71.0 

18. 


275 

£. 

26.5 

93.0 

105.0 

66.5 

19. 


247 

f. 

22.5 

90.0 

100.0 

67.6 

19. 


250 

f. 

20.5 

79.0 

102.0 

68.6 

21 . 

2 ^ 

259 

f. 

26.5 

96.0 

100.0 

69.5 

18. 


273 

f. 

22.0 

87.0 

100.0 

66.0 

19. 


277 

m. 

22.5 

85.5 

100.0 

63.0 

19. 


255 

f. 

26.0 

102.0 

102.0 

76.0 

17. 

1 

262 

f. 

25.0 

77.0 

100.0 

52.0 

22 . 

3. 

267 

m. 

21.0 

95.5 

100.0 

74.6 

18. 


270 

f. 

21.0 

58.5 

76.6 

37.6 

26. 


279 

m. 

21.5 

83.0 

100.0 

61.6 

21 . 

- 

256 

f. 

20.0 

84.0 1 

100.0 

64.0 

20 . 


261 

m. 

25.0 

92.0 

100.0 ! 

67.0 

19. 

4 * 

264 

f. 

23.0 

86.0 

100.0 1 

63.0 

20 . 

I 

274 

f. 

23.5 

83.0 

100.0 1 

59.5 

20 . 

i 

278 

m. 

23.0 

74.0 

100.0 

61.0 

22 . 

i 

245 

f. 

26.0 

94.0 

100.0 

68.0 

18. 

1 

254 

f. 

22.5 

58.0 

61.5 

35.5 

26. 

1 ö. 

268 

m. 

23.0 

71.0 

100.0 

48.0 

23. 


269 

m. 

21.0 

39.0 

59.0 

18.0 

26. 


272 

f. 

22.0 

65.0 

52.5* 

43.0 

20 . 


Pig 272 weighed 69 kg 14 days before, April Ith. 


V. Analysis Technique and Resulta of Analyses. 

Every second to tbird week of the investigation blood samples 
wexe taken and analysed. In each glass of blood, containing 12—15 
were 3 drops of heparin-Na. to prevent coagulation of the blood 
during sampling. The blood plasma obtained by centrifuging this 
heparin treated blood was analysed for its K, Oa, P. The pyruvic 
acid content was determined in the centrifugate after precipitation 
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TableVI. Analysis of variance of inerease in weight of the five groups. 


Source of variation 

Degrees of freedom 

Sum of aquares 

Mean square 

Between the groups. 

4 

1713.04 

428.260 

"Within th© groups . 

20 

2946.10 

147.305 

Total. 

24 1 

4659.14 1 



“ 2,91*. 

Table VII. Analysis of variance of inerease in weight of Oroups 1 

and 2. 


Souroe of variation 

Degroea of freedom 

Sum of aquares 

Mean square 

Between the groups .j 

1 

62.5 

62,500 

Within th© groups. 

i » 

126.6 

15,825 

Total.! 

9 

189.1 ! 





3.95. 


of blood protein with trichloroacetic acid. The liaemoglobin deter- 
minations were carried out on fresh blood taken straight from an 
incision in the ear vein. 

Sugar determinations were made on the plasma which was ob- 
tained by centrifuging blood mixed with sodium fluoride. 


Analysis Technique, 

Potassium determinations were made by the flamo spectro-photo- 
metric method used for determining the potassium content of soil 
samples in the Chemical Institute of the Agricultural College. 

Calcium determinations were carried out by the same principles. 

Phosphorus determinations were done by the colorimetric method 
described by Scheel. Zeitschrift f. Anal. Chem. 1936, Vol. 105, p. 256. 
Before the determination was made, the blood protein was first 
precipitated with trichloroacetic acid. 

Pyruvic acid was estimated in the form of a bisulphite compound 
by a modification of Clift and Cook^s older method, made by Alvar 
Larsson and Karl Myrbäck, Svensk Kemisk Tidskrift, 5l8t Annual 
Kumber 1939, Page 52. 

8uga/r determinations were made by a rather inferior clinical quick 
method, as described by Crecelius Seifert, Munch. med. Wochenschr. 
1928. 
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Table VIII. Potassium analysis of plasma. 


Group 

Number of 
analyBig 

Mg. K. per 100 cc. plasma 

Mean value 

Standard 

deviation 

1 

17 

15.94 

1.14 

2 

16 

17.81 

1.86 

3 

13 

1 18.88 

2.91 

4 

14 

18.84 

2.60 

ö 

13 

18.26 

1.82 


Table IX. Analysis of variance of plasma potassium values. 


Sourco of variation 

Degreeg of 
freedom 

Sum of gquares 

Mean 

square 

Between the groups. 

4 

106.62 

26.38 

Within the groups. 

68 

303.24 

4.39 

Between the pigs. 

20 

209.52 

10.48 

Within the pigs. 

48 

93.72 

1.95 

Total. 

72 

1 418.76 

1 




0 . 01 *** 


Haemoglohin determinations were made with a Dubosq colori- 
iiieter and Newcomer filter. 


Potassium Analyses. 

Tt was difficult to determine the potassium content of the plasma 
because of the ease with which haemolysis occurred; haemolysed 
samples showed higher potassium contents than non-haemolysed 
samples taken simultaneously from the same animals. The results 
oi the haemolysed samples analyses are omitted from the calcula- 
tions. 

Table VIII gives the mean values of the potassium determinations 
made on all the groups, expressed in mg. K per 100 cc. plasma. 

It can be seen from these means that the potassium level in Group 1 
was on the average, 2.4 % lower than in the 4 groups supplied with 
potassium carbonate. Keith and Österberg (1946), also found 
that the serum potassium level of human beings rose by 2—4 mg%, 
when extra potassium was supplied. 

In Table IX the* primary material from Table VIII is subjected 
to variation analysis. 
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The mean of the squares between the groups is 6,01 times greater 
than that within the groups. The probability of there having been 
a real difference between the blood potassium values of the groups 
is greater than 0.999 and is statistically significant. Individual 
differences also occurred within the group; one pig could have a con- 
sistently high plasma potassium content, and an other pig a low 
one. 

The results are also affected by the sampling date; the potassium 
analysis results could be higher throughout the groups on one day 
than on another. This may have been due to the fact of the blood 
samples^ not having been taken at exactly the same time every 
day. 

Griffon and Degrelle (1933), showed the existence of a daily 
rhythmical variation in potassium excretion; the potassium con- 
centration rose, for example after meal times. This variation in 
excretion was probably due to variation in the blood potassium 
level. SiLVETTE, Britton and Kline (1937), made intraperitoneal 
injections of potassium Solutions on cats, and found that 4 hours 
after injection, no marked differences could be found between the 
potassium levels of the experimental animals and those of the Con¬ 
trols. 


Calcium Analyses, 

Determinations were made of the calcium content of the blood to 
find out whether this had been affected by the extra supply of 
potassium. 

In Table X the mean of the Ca levels are given both for each 
group and for all the groups together. These are equally high in all 
the groups, but Groups 2 shows a greater standard deviation than 
the others. 


Table X. Galciumanalyses of plasma. 



Mg Ca per 100 cc. plasma 

Group 

Mean value (M) 

Standard 

deviation 

1 

10.83 

1.36 

2 

10.91 

2.04 

3 

10.96 

1.49 

4 

11.32 ! 

1.49 

5 

10.86 1 

1.24 

Mean value 
of groups 

1 

10.98 ; 

1.68 
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Table XI* Varicmce of a/nalysis of caldum values in plasma. 


Sourco of variation 

Degrees of 
freedom 

Sum of squares 

Mean 

square 

Between the groups. 

4 

4.1209 

1.0325 

Within the groups. 

124 

354.1691 

2.8562 

Between dates. 

5 

102.6516 

20.6303 

Within dates. 

119 

251.5175 

2.1136 

Between pigs. 

20 

54.7036 

2.7352 

Within pigs.! 

1 09 

196.8139 

1.9880 

Total. i 

1 128 

360.2090 



Table XI shows the resnlts after variance analysis. An attempt 
is made to differentiate those variations caused by differences in 
blood sampling and analysing times, and by individnal character- 
istics. Some of the variations attributed to differences in sampling 
times were probably caused by experimental errors in the analysis. 

The variation between the groups was very small, and statistically 
insignificant. The Ca content of the plasma seems, therefore, to 
have been unaffected by the differences in the diets of the various 
groups. 

Phosphorus Analyses. 

P determinations were made to find the effect of molasses, sugar 
and potassium in the diet upon the inorganic P content of the 
serum. 

Table XII gives the mean P contents for each group. The mean 
values for pigs in the molasses group were rather lower than those 
for Groups 1 and 2. 

Table XII. Inorganic phosphorus in hlood plasma, 

The mean values are given for each group. 


Group 

Number of 
analyses 

Mg. P per 100 cc. plasma 

Mean values 

Standard 

deviation 

1 

26 

8.96 

1.24 

2 

25 

9.14 

1.05 

3 

27 

8.51 

0.98 

4 

28 

8.70 ! 

1.04 

5 

23 

8.89 

1.28 


The results of the analyses show great variations among indi- 
vidual pigs see Table XIII; this fact may account for the variations 
amongst the groups. Variations also occurred the same animals 
from time to time. 
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Table XIII. Inorganic phosphorus in blood plasma. 

The same data as in Table XIII subjeeted to variance analyses. 


Source of variation 

Degrees of 
freedom 

Sum of squares 

Mean 

squares 

Between the groups. 

4 

.3.824 

0.066 

Within the groups. 

124 

164.824 

1.329 

Between the pigs. 

20 ! 

53.643 

2.682 

Within the pigs. 

104 

111.181 

1.060 

Total. 

1 128 

1 168.648 

1 


No real significance can be attached to the differences between 
the groups, and no conclusions can be drawn from them. 

Sjöberg and Jonsson (1941) showed that when horses were put 
on a molasses diet, the inorganic P content of the plasma fell during 
exercise; the P store of these horses was found to have been very 
small. 

When the values for Groups 1 and 2 were compared with those 
of the molasses groups, no real difference in plasma P contents 
could be demonstrated. 

Pymvic acid analyses. 

Pyruvic acid is estimated in plasma as a bisulphite compound. 
Table XIV shows the results of these analyses. The values obtained 
before March 6th were based on single analyses, but those obtained 
after that date were the mean of double analyses. 

Pigs 269, 272, and 254 in Group 5, with 270 and 262 in Group 3, 
were the slowest growing pigs of the whole investigation, and 
all had very high plasma pyruvic acid levels. A high content of 
pyruvic acid in the plasma can, on the other hand, occur with good 
growth. 

In order to make an examination of the relationship between 
pyruvic acid levels and growth, the pigs were sorted into two lots, 
according to whether or not they had grown to weigh 100 kg within 
a certain period. These pyruvic acid values were subjeeted to 
variance analyses, (see Table XV). The caleulations are based on 
figures obtained from double analyses carried out on all the groups, 
both on March 6th and on March 20th. Later analyses were not so 
comprehensive, because of the slaughter of some of the pigs. 

No conclusions can be drawn from these figures with regard to a 
connection between the retarding of growth in pigs and a high level 
of pyruvic acid in their blood. 

The pyruvic acid levels of the molasses groups seems to have 
been higher than those of Groups 1 and 2, but no real significance 
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Table XIV. Mg» pytuvic acid (Mg Bisulphiie compound) 
per 100 oc. hlood. 


(iroup 

Num- 

bor 





D a t 

B 




s ^ 

Ii 

II 

1 ^ 
a ^ 

u 

n " 

l'i 


-.1 s 

◄ S 



253 

1.3 

2.3 


1.8 


3.7 1 

2.5 





258 

1.3 

3.4 


2.6 


3.8 





1. 

265 

1.9 

2.5 


2.3 


3.7 






271 




2.2 


4.4 






276 

3.2 

2.4 


2.9 


3.5 

2.9 





247 

3.2 

1.9 


1.6 


4.1 

3.4 


3.1 



250 

3.5 

2.9 


2.7 


3.7 


3.2 

3.4 


2. 

259 

3.7 

3.2 


1.4 


3.8 






273 

1.3 

2.9 


2.3 


3.8 

3.2 





277 

1.8 

3.5 


2.2 


4.4 

3.5 





255 

3.5 

2.4 

4.6 

3.0 

5.4 

4.0 






262 

1.9 

3.1 

2.8 

1.9 

6.1 

4.2 



3.6 


i 3. 

267 

1.8 

2.5 

3.1 

2.3 

4.7 

3.3 






270 

1.9 

2.2 

3.1 

3.5 

6.5 

5.1 


4.8 

3.2 

3.3 


279 

1.8 

4.6 i 

2.6 

2.3 

5.8 

4.0 



3.7 



256 

3.5 

3.4 

3.1 

1.6 

4.7 

4.3 


3.8 




261 


2.6 

3.4 


4.7 

3.8 

3.8 




4. 

264 

2.2 

2.4 

3.1 

3.1 

4.7 

3.7 


5.0 




274 


3.8 

1.9 

1.6 


4.9 


4.8 




278 


3.9 


2.2 

4.3 

3.1 


5.2 

4.5 



245 




4.2 

5.4 

4.1 





i 

254 




2.9 

7.3 

5.1 


3.9^ 

4.0 

3.3 

i 5. 

268 




2.2 

3.9 

4.9 


5.5"^ + 

3.7 



269 




9.1 

5.3- » 

4.8 


4.6 

4.2 

3.2 


272 




2.2 

4.3 

5.4 






" 254. Thiamin injections as from Apr. 19th. 

> 268. Thiamin injections aa from Apr. 19th. 

^ ^ 269. Thiamin injections as from March 15th. 


Table XV. Analysis of variance of blood pyruvic cmd values of 
pigs sorted in iwo lots after rate of growth. 


_ ... ! Decrees of 

Source of variation , 

Sum of squares 

Mean 

square 

Between the group mean values.. 

1 

3,3046 

3.3046 

Within the group. 

47 

88.7608 

1.8885 

Total. 

! 

92.0654 1 



s 



1.83. 
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is attached to these differeiices. In Table XVI the pyruvic acid 
levels of Group 5 are compared with those of the other groups. 


Table XVI. Analysis of mriance of blood pyruvic acid values of 
groups 1-4 and group 5. 


Source o£ variation 

Degreos of 
freedom 

Sum of squares 

Mean 

square 

Between the group mean values, 
Groups 1-4 and ö. 

1 

14.3189 

14.3189 

Between dates. 

1 

26.6778 

26.6778 

Interaction.| 

46 

61.1687 

1.1123 

Total. 1 

48 

02.0664 1 



— - 12 , 

The probability is 0.999 that a real significance ezists in the 
differences between the pyruvic acid levels ol Group 6 and the other 
groups. This difference may be due partly to differences in the 
diet, and to the resulting change in conditions. 

Haemoglobin determinations. 

The haemoglobin values of most of the pigs ranged from 14 to 17. 
Those of the Group 5 pigs gradually fell in comparison with the 
values of the other groups, to between 11 and 13 in pigs 254, 269 
and 272, and 13—14 in pigs 270 and 262 in Group 3. 

Sugar Ancdyses. 

SrLVBTTB, Bmtton and Kline (1937), injected rats, cats and 
opossnms with potassium Solutions, and found that their blood 
sugar level increased as a result. Lewis and MoKee (1946) found 
that a potassium-rich diet diminished the sensitivity of rats to 
insulin; glucose tolerance was, however, apparently tmaffected. 

MoQttaeeie et al. (1936) found that addition of potassium to a 
sodium-deficient diet of diebetics led to increased glycosurea. 

In order to investigate the effect of potassium doses upon the 
blood sugar levels of pigs, sugar analyses were made on Groups 1 
and 2. The resnlts of the analyses varied widely from time to time, 
and from one pig to another, but little difference was shown to 
exist between the groups. In Group 1 the mean value was 71.6 mg. %, 
and in Group 2, 69.6 mg. %. 

The result of variance analyses of these fignres is shown in Table 
XVII. 
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Table XVII, Analysis of variance of blood sugar anaiyses* 


Source of variation 

Degrees of 
freedom 

Sum of squares 

Mean 

square 

Between the groups. 

1 

17.7 

17.7000 

Within the groups. 

30 

5985.84 

199.5280 

Between the pigs. 


2059.90 

228.8877 

Within the pigs.| 

21 i 

3920.85 

186.9452 

Total. 

31 

1 6005.54 



The results of these analyses give no grounds for supposing the 
blood sugar level of pigs to hare been raised by potassium doses. 
The mean value of 7 blood sugar analyses made on the molasses 
group was 69.1 mg. %, showing the blood sugar level to have been 
unaffocted by this diet. 


VI. Symptoms. 

The pigs were fed twice daily, and clinically examined at least 
twioe weekly. The salient features are given below. 

At the start of the investigation, Xov.27thaIl the pigs hadgood 
appetites. Those in Group 6 tossed around a lot of the silage, but 
inost of this, however, was eaten up, when the silage ration was 
reduced. Diarrhoea soon api)eared in Groups 3, 4 and 5; this was 
treated with charcoal, and then disappeared for a while, only to 
recur at a later date. 

From Jan. 7th onwards, more molasses were supplied to Groups 3 
and 4, and more potassium carbonate to Group 2. 

It can be mentioned, in passing, that the Group 2 pigs became 
more scrawny and got bleached yellow in colour: their rations of 
food were left lying aroimd for some time before being eaten up. 

The molasses-groups pigs suffered from, severe diarrhoea, especi- 
ally those in Group 3, which also developed perverted appetites. 
These mauled their food around, and sniffed and gnawed the walls 
so that they swallowed whitewash and splinters of wood. One pig, 
270, (female), persisted in mounting the pthers; in this oonnection, 
Beante (1898) found that pigs suffering from molasses poisoning 
were liable to show an increase in sexual activity. In Groups 3, 4 
and 5, the pigs drank about 9 kg of water a day, per head; in the 
potassium group 7—8 litres, and in Group 1, about 3 litres a day 
were drunk per pig. 

The appetites of the pigs in the potassium carbonate group grada- 
ally improved to normal. In Group 3 Diarrhoea decreased, though 
the feces was stiU thin. All the pigs soon regained their appetites. 
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Fig. 3. 


The appetites and general condition of the Group 4 pigs were 
uniformly better than those of the pigs in the other molasses groups. 

The Group 5 pigs had diarrhoea and lost their appetites. All the 
pigs in this group became scrawny, unkempt and blackened. The 
nape of the neck, back and groin became coated with black greasy 
matter; this first appeared in pig 269, and then after a time in the 
others. Pig 269 also developed a sagging spine, and its hocks became 
bunched in against one another sufficiently to cause it gra ve dif- 
ficulties in moving around (see fig. 3 and 4). 

The other pigs in that group were similarly affected by mobility 
troubles. 

The pigs in the molasses group showed the same black coating 
over the nape of the neck and back as those in the silage group, the 
worst affected pigs being the scrawniest and most stunted ones. 
Pig 269 frequently walked about on the front sides of its back toes 
which were bent underneath the back legs; besides the unnatural 
bunching of the hocks, allready mentioned, the feet were splayed 
outwards. Wlien the fore part of the body was moved to one side, 
the back legs were twisted round into line instead of being placed 
to correct the balance. The tone of the pigs muscles was very low, 
and its limbs could be proned and supined more easily than usual. 
It moved around with great diffioulty, dragging itself forward by 
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Fig. 4. 


itB fore legs, with the hindquarters trailing after. Obvious symptoms 
of rickets did not appear, and X-ray examination showed that the 
bone structure was quite normal. 

Pigs 254 and 272 also developed mobility troubles; they were in 
the habit of sitting on their back legs, and had to drag themselves 
ahead. A lot of the food given to Group 5 was thrown around, and 
the same was true, to a lesser degree, of Group 3. Groups 1, 2 and 4 
kept good appetites all the time, but of these three groups, Group 4 
was rather looser in evacuations; otherwise the health of Groups 1, 
2 and 4 was perfectly normal throughout the investigation. The 
symptoms of Groups 3 and 5 are more carefully described in the 
following parapgraphs. 

Group 3. 

The whole lot got diarrhcBa. Two of the pigs, 262 and 270, some- 
times lost their appetite and could only move around with difficulty, 
because of lack of co-ordination, but this was never severe enough 
to prevent the pigs from roaming at will around the sty. Pig 270 
was a long way behind in growth, and when the others in this group 
were slaughtered, it got transferred to Group 5. This stopped its 
growth for a while, but did not cause it any trouble in moving around. 


272 


Per Slagsvald 


tiroup 5. 

Pig 269 is an interesting case. This was the first pig to show clinical 
symptoms, and these have been described earlier. Its growth was 
poor tbroughout. The fuUy plotted line in fig. 5 represents its growth 
per week; the cnrve was smoothed ont by taking the average of the 
week in question, the previous week, and the week after; — cnrve of 
dashes. Por pnrposes of comparison, a smoothed ont cnrve is drawn 
on the same scale to show the average growth of Gronps 1 and 4. 
It emerges that the weekly increase in weight was markedly lower 
for pig 269 than for the pigs in Gronps 1 and 4, and that this dif> 
ference became more prononnced with age. The maximnm difference 
between the growths of pig 269 and the other gronps was recorded 
on the weighing day of March 18th. 

At this date pig 269’s appetite was at a minimnm, and it was only 
with the greatest difficnlty that it conld get aronnd at all. The 
chnical symptoms were in some ways reminiscent of the effects of 
beriberi on foxes, and the pyruvic acid content of the blood was 
high. PoUowing np the work of Sjöberg and Jonsson (1941), Lohe- 
MAN and ScHUSTER demonstrated that an increase in blood pyrnvir 
acid content foUowed nervöns disorders, and fonnd that anenrin 
was reqnired for the combnstion of pyrnvic acid in the body. 

As the diet had a low Bj content, thiamine injections were started 
on March 15th. The dates and qnantities in cg. of thiamine and 
riboflavin injected are shown in Table XVIII. 


Table XVIII. 









Date of injection 




■ 


Vitamin 

Pig 

no. 

March 

April 

May 



15 

18 

20 

21 

26 

28 

20 

3 

8 

19 

24 

7 

10 

12 

22 


264 










7 

6 

6 

6 

10 

10 

Thiamine 

268 










4 

8 






269 

1 

1 

1 

1 

2 

2 

2 

2 

2 

2 

ö 

6 

« 

10 

10 

Kiboflavin 

272 






' 

2 

2 




1 



The data on pig 269 is also presented graphically. It is clear 
from the lowest growth cnrve in fig. 6 that the weekly growth rate 
increased after the injections were started, and was maintained at 
that higher level while injection continned. 

By comparison, fig. 6 shows the growth cnrves for the other pigs 
of the same gronp; none of them showed any corresponding increases 
in growth just after March 15th, or changes in the direction of the 
cnrves, as did pig 269. Dnring the 4 weeks previous to injection, 
pig 269 gained 2 kg in weight, or about 71 gm per day. Por the 4 
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weeks af ter injection it 
gained 11 kg. at the 
rate of about 303 gm 
per day. When the in- 
jections were stopped, 
as from April 8th to 
April 19th, the rate of 
growth fell again, only 
to incerase once more 
when thiamine injec- 
tions were started 
again. Thus growth 
rate seems to have 
been increased with 
vitamin supply. 

^ o inerease in growth 
rate oe.ciurred af ter in- 
jeetions made on May 
7th and May lOth. 
This also was tlu^ (*a8e 
vVith pigs 270 and 254, 
injeeted at that time. 
This/Cheek in growth 
was probably diie to 
the fa(*t that on April 
30tJi pig 270 was put 
along wit h pigs 254 
and 269. 

It is wortli noting 
that af ter the start of 
t hiamine in jeetions, pig 
269’s appetite im- 



Ki^r. 


proved, by degrees, and it began to move around more easily. The 
pig still kept its hocks bent when it walked, but co-ordination im- 


proved, and there was less bunehing of the hind legs. Af ter re- 


ceiving thiamine in jeetions on April 19th and April 24th pig 254 
also showed an inerease in growth rate (see fig. 6), and began to 


luove about more easily. Af ter the thiamine in jeetions on May 7th 
and May lOth, pig 254 showed no inerease in weight at all. 

Pig 268’s appetite improved after it was injeeted with thiamine 
on April 19th and April 24th. 

The effeet of riboflavin was investigated by injeeting pig 272, 
with 2 ec of the solution on April 3th, and again on April 8th. 1 ec 
^ ontains 1 eg riboflavin. Before the injeetions were made, the pig 
had a very poor appetite, and had great diffieulty in moving around, 
as mueh as, but not more than pig 269 had had before. The ribo- 


18—47400 iMnibrukahogskolans Annaler. Vol. 16 
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IncrMM m wtiqht of pic^o tMS«SSii,Uftandtn. 
THc tWamincinJoctien» for piq 15 H and ft 4 l an 
i|iMn Wlow thoir rcspcctiv» eum* . 

Ir, «5. , 


lF» 9 m 


Pi 9 X 4 t. 


flaviii injections did not ap- 
parently have any marked 
effect npon the pig’s general 
condition, mobility or growth 
rate. On April lOth a pro- 
nounced contusion was found 
on the back of its metatarsus. 

This sore was an outlet 
for various metastasi within 
the organs. In a few days 
its breathing had become 
quick and shallow, and on 
April 15th it had to be killed. 
The pig^s general condition 
had, by then, become very 
poor; a post mortem exa¬ 
mination revealed, that the 
lungs, liver and kidneys were 
full of multiple miliere pu- 
stules, and had apical lung 
inflammation accompanied 
by pleura fibrin discharge. 


I jSy V l / Pathological Anatomy. 

I-1—- The organs of the experi- 

I mental animals were exarn- 

|| ined at slaughtering, macro- 

—-TT- ^ - scopically being found nor- 

J? ^ 'sZ-VyCSy. mal, with exception of what is 

^ \ l just mentioned about pig 272. 

5 ® \T T Histology, 

\ Samples were taken of the 

l+i,. ' nervus ischiadicus, at its 

—*5;—ijk *4 % % junction with the spinal cord, 

Dote. from pigs that had been suf- 

Fig. 6. fering from mobility troubles, 

namely pig 270 (Group 3), 
and pigs 254, 269, 272 (Group 5). Control samples were also taken 
from pig 250 in the potassium group, as well as the brain and spinal 
cord from pigs 250 and 272. Samples of the musculus gastrocnemius 
and musculus semimembranosus were taken from pigs 254, 269 and 
270. Sections of these organs were examined under the microscope; 
the results of this examination are shown in Table XIX. 

Some degeneration was apparent in the nervus ischiadicus of these 
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Pig 269. Fig. 7. 60 X. 

Hematoxylin van Gieson. 

Longitudinal section of sciatic nerve, showing proliferation of connectivo tissue. 



l’ig 272. Fig. 8. 60 X. 

Hematoxylin van Gieson. 

Longitudinal section of sciatic nerve, showing chronic interstitial neuritis. The 
Hg. shows deformity and irregularity of the nerve stnictuxe due to proliferation 
of oonnective tissue. — 
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Pig 254. Fig. 9. 15(K'. 

Tiemalun eoHiii. 

Longitudinal seotioii of musculus Remimombranosus Rliowirig th(‘ o(‘(*urroiK*o of 

hy a] ine degenerat iori. 


siek pij^s. Proliferation of tlie intraneiiral eonnective tissue was ob- 
Kserved (see figs. 7 and 8). Degenerations of central nervous system 
have not been found. 

In the muscles no sign of fatty degeneration was apparent. Hyaliue 
degenerations are found in the muscle fibers of pig 254, 269 (sie 
fig. 9) Myo(;ardiuin and liver from i)igs of all five groups w<‘r(‘ 
examined and being found normal. 

Adrenals especially of groups 5 and 3 showed droplets of fat in 
their epithelial cells. The histological findings of degenerations in 
the nerves and muscles can explain the symptoms of the niobility 
difficiilties mentioned above. 

VII. Diseussion. 

Addition of extra potassium to the diet of pigs reduced their 
growth rate but had no apparent effect upon their general healtli. 

In 1898, Brante found that pigs sickened on a diet consisting 50 
of molasses; he put this phenomenon down to potassium poisoning. 

In this investigation, the diets of Groups 3, 4 and 5 consisted 50 ?o 
of molasses. Group 2 was given a daily dose of 44 gm potassium, 
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Table XIX. Hiatological examination from piga 250, 270, 254, 

269, 272. 





G r 0 u j 



Organ 


3 


5 


Pig no. 

1 

250 

270 

254 

269 

272 

Nerv^uB 

ischiadieuB 

Normal 

Increasod 
amount of 
intraneur. 
connective 
tissue. Pro- 
liforation of 
neurilomma 

Limited 

degeneration 

Atrophy of Limited de- 

norve bundles. generation. 
Increase in Chronic in< 

amount of in- terstitial 
traneur. con- neurit 
noctivo tissue 

Proliferation 
of nourilem- 
manuclei. i 

i Central 

1 nervouR 

1 system 

Normal 

Normal 

1 

Normal 

Normal 

Primary irri¬ 
tation of ven- 
tral horn 
, cells, other- 
j wise normal 

1 Miiseulus so- 
mirnemhra* 

' nosus 

1 

1 

Aiiiong the normals some thin muscle 
fibers 

No fatty, some hyalin degeneration 


1 Muscuhis 
j gnstrocnemiusj 

i 

Among tho normals some tliin muscle 
fibers 

No fatty, some hyalin tlegeneration 


1 Heart 

1 - 


No degeneration 



bivoi- No degeneration 


in the form of potassiuin carbonato (equivalent to 350 gm Kainit), 
but developed none of tho molasses-poisoning symptoms observed 
by Brante. The potassium carbonate had thus been credited with a 
greater toxic effect than, in faet, it possessed. Keith and Österberg 
(1946) have given human beings 8—10 gm doses of potassium ear- 
bonate per 100 kg live weight without any symptoms of poisoning 
being shown, despite a higher potassium level in the blood plasma. 
This was (^onfirmed by (Jwatkin and Plummer (1946), who iii- 
vestigated the toxicity of various Xa and K salts on pigs. They 
found that whereas a dose of 29.7—89.1 gm (1—3 oz.) potassium 
nitrate was suffieient to cause the death of small pigs which had 
fasted ovemight, smaller doses, of 29.5 gm and under, were harmless. 
This former was of the same size as that given in the present in- 
vestigation, but was, besides rendered more potent by the prévious 
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fästing. The toxie effect of the potassium nitrate is most likely due 
to the nitrate ions. The Group 2 pigs showed no clinical symptoms 
of potassium poisoning, probably through their ability to excrete 
the excess K through the urine which was passed out in double the 
normal quantities. 

The other oonstituents of the ash of molasses were Oa, Na, Al, P 
and S, which were present in such small quantities that there is 
little likelihood of their having had a toxie effect. 

The diet also contained sufficient protein of high biological value. 

All the groups were liberally dosed with vitamins A and D to 
guard against avitaminoses. 

According to J. S. Hughes et al. (1928) pigs do not require any 
vitamin C in their diet for proper growth and reproduetion. 

The high level of pyruvic acid in the blood, and the loss of appetite 
of the pigs in Groups 3 and 5, together with the effect of thiamine in- 
jections on the latter group, may indicate Bi avitaminosis. A review 
is given of the literature on vitamine deficiency in domestic animals. 

James H. Shaw and P. H. Philips (1945) reported that chronic 
thiamine deficiency in pigeons and chickens resulted in moderatt* 
degeneration of the peripheral nerves and mild degeneration of the 
spinal cord. 

WiNTROBE, 8 tern, Follis and Miller found that thiamine 
deficiency was developed by pigs on a synthetic diet from which 
thiamine was absent, the vitamin B complex being supplied in tht* 
form of crystalline vitamins, Its symptoms were anorexia, dyspnea, 
vomiting and great weakness. No neurological symptoms wert* 
shown by the pigs, and no degenerative changes had oceurred in 
the nerves. Despite the influence of diet constituents other thaii 
thiamine and carbohydrate, the blood pyruvic acid level was found 
to be correlated with the onset and severity of the thiamine deficiency 
symptoms. 

The symptoms of thiamine deficiency, specifically described by 
Van Etten, Ellis and Madsen (1940), were as foilows: complete 
loss of appetite, occasional vomiting, extreme emaciation and a 
lowering of body temperature. A sufficient thiamine supply brought 
the growth rate nearly back to normal. 

In their investigation on pigs, Wintrobe et al., and Van Etten 
et al., observed no symptoms of decreased mobility. Apart from 
this, the other symptoms were the same as those oceurring in the 
present investigation. 

Hughes (1939) found that riboflavin defieienoy revealed itself 
in a slowing of the growth rate, frequent scours and difficulties in 
walking caused by crippling of the legs. 

Nordfeldt (1944) reported that in pigs suffering from riboflavin 
deficiency, the toes were twisted inwards, the joints were crippled, and 
disorders oceurred in the development of the skin, hooves and hair. 
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In their investigations on riboflavin deficiency in rats, Mannebing 
and Elvehjbm (1940), found that the level of food consumption 
remained high throughout the period of avitaminosis. 

WiNTEOBE, Bushke et al. (1944) reported that pigs on a synthetic 
diet deficient in riboflavin developed opaque lenses and other eye 
abnormalities. 

In the present investigation, no disorders of skin and toes, or lens 
opaqueness occurred. 

The thin feces observed in molassesgroups is probably due to the 
laxative effect of molasses, and is in this connection of small im- 
portance. 

WiNTROBE, Stein, Pollis Jr and Stewård Hxjmpheeys (1945) 
found that pigs on a diet poor in protein and deficient in nieotinie 
acid developed symptoms of nutritional deficiency, such as greatly 
reduced growth, rough coats, diarrhoea, poor appetite and severe 
anaemia. 

They indicate a close nutritional connection between protein 
and nieotinie acid. 

The symptoms of nieotinie acid deficiency were described by 
Ellis as follows: Diarrhoea, refusal of food, dirty yellow skin, severe 
seabby dermatitis, loss of hair and difficulties in moving the muscles 
of the hind legs. All the groups in the present investigation were 
liberally supplied with protein, and neither seabby dermatitis nor 
hair losses occurred. 

Ellis, in 1942, reported that pigs suffering from pantothenic 
aeid deficiency lost their appetite, stopped growing, and died. 
Other obvious symptoms were diarrhoea, inefficiency in leg move- 
inents, myelin degeneration of the nerves and spinal cord, and the 
formation of a brownish incrustation o ver the eyelids. 

WiNTROBE, Pollis, Alcazaga, Paitlson and Hxjmpheeys, in 
1943, reported similar symptoms of pantothenic acid deficiency. 
In the present investigation, very little myelin degeneration was 
found in the nerves, and none in the spinal cord. The lack of degene¬ 
ration in the central nervous system may be due to the faet of the 
pig’8 having largely recovered by the time they were slaughtered. 

Kosenberg (1945) revealed that the pantothenic acid content 
of molasses was higher than that of plant tissue; he did not, 
however, specify whether the souree of the molasses was beet 
or cane. 

WiNTROBE, Mitchell and co-workers reported, in 1942, that 
when young pigs were reared on a synthetic diet not supplemented 
with pyroxidine they developed an abnormal gait and degeneration 
of the peripheral nerves posterior root ganglia and posterior root 
funieuli of the spinal cord, besides epileptiform convulsions and 
anaemia. Anaernia was observed in pigs from Groups 3 and 5 showing 
deficiency symptoms, but anapmia also oceurs after chronic diarrhoea 
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in all species of animals. C/onvulsions were not observed in any 
of the groups. 

Rosejnberg (1945) reported that yeast was especially rich in vita¬ 
min B 6 and that seeds and cereals were also good sources. 

Easmtjssen et al. (1942) revealed that molasses were almost 
completely devoid of pyroxidine. 

CxTNHA, Bindley and Ensninger (1946) produced biotin deficiency 
in pigs with the following symptoms: alopecia, spasticity of the 
hind legs, cracked feet, and dry rough skin exuding brownish matter. 
These symptoms disappeared with biotin injeetions. Spasticity 
of the hind legs was not observed in the present investigation. 

Lampen, Bohleb and Petersson, in 1942, revealed that barley, 
the grain used in th x>rpsent investigation, was a fairly good souree 
of biotin. Lucerne is also a quite good souree of the same sub- 
stance. 

Gholine deficiency is unlikely; Welch and Welch (1938) quoted 
by Easmussen et al. (1942), showed that betain could be substitnted 
for choline in diets. 

The syndrom deseribed abo ve does not alt oget her apply to the 
present investigation. 

Possibly the symptoms were caused by other nutritional deficien- 
cies. Eeports have also been published on the presenee of still un- 
known factors in pig nourishment. 

In 1944, Eoss, Phillips, Boiistedt and Punha reported congenital 
malformations such as syndactylism, talipes and paralysis agitans 
of nutritional origin in pigs suekled by sows fed on a basic ration. 
No improvement in the growth or appearance of the suekKng pigs 
was effeeted by giviiig them extra doses of pyridoxine, cholin(‘ 
ehloride, soluble liver-concentrate extract, pow^der, (kalcium panto- 
thenate, riboflavine, wheat germ oil, alpha tocopherol, shark liv(*r 
oil, nicotinic acid, thiamine and aseorbic aeid. Good quality lucerin^ 
meal, however, contains one or more factors which correct tlu» basic 
ration deficiency. 

Easmussen, 8mith, Phillips and (3unha (1942) produced n 
nutritional disease in pigs, which was characterized by a staggering 
gait and sometimes by high stepping and overstepping with the hind 
feet, the staggering being accompanied by a pronounced swinging 
of the head from side to side. The diet which brought on this 
disease consisted of barley, tankage, lucerne and mineral matter, 
as well as of beet molasses in place of some of the barley. The 
disease was not cured by the addition of cod liver oil, thiamine, 
riboflavine, calcium pantothenate, pyridoxine, nicotinic acid to the 
diet; the disease, however, was cured by the addition of brewers 
yeast and green lucerne. They concluded that the disease was caused 
by the lack of some vitamin-like substance, not hitherto encountered 
in pig nutrition. 
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The symptoms described just above bear a close resemblance to 
those occurring in the present investigation, and they were not 
cured by additions of thiamine to the diet. 

Van Etten, Ellis and Madsen (1940) estimated the daily thia- 
inine requirement of small pigs to be 14.6 I.U. per kg body weight, 
af ter the age of three weeks. Norbfeldt (1945) put the daily thiamine 
requirements of seven month old pigs at 4 I.U. per kg body weight. 

Hughes (1940) reported that pigs needed 7.3 I.U. thiamine after 
weaning. 

In the present investigation, Group 5 received a daily ration of 
(*a 30 I.U. thiamine per kg body weight, while Groups 3 and 4 re* 
(*eived still more, which is far in excess of the qUantities deemed ne- 
cessary by Van Etten, Ellis, Madsen, Hughes and Nobdfeldt. 
On this high thiamine ration, mobility difficulties and high pyruvic» 
acid contents were observed. After thiamine injections, however, 
the Group 5 pigs showed increased growth and better mobility. The 
pyruvic acid level of the blood in the yeast group was, however, 
aometimes higher than those of Groups 1 and 2. All this seems to 
indicate a State of thiamine avitaminosis notwithstanding the ample 
thiamine ration in the diet. This may have been due to the following 
e-auses: 

(1) Keduction in thiamine absorption. 

(2) Kediiction in thiamine synthesis. 

(3) Destruction of thiamine in the food, and in the gut. 

(1) The feees of the jugs in the three molasses groups was thin, 
au indication of a reduced absorption of nutrients, and probably, 
also of thiamine. Löwenstein and Neumann (quoted by Öjöberg 
and Jonsson) demonstrated a drop in the aneurin level of urine 
from patients with intestinal disorders and increased peristalsis. 
The molasses pass quickly through the digestive tract. 

Melnick, llocmnERG and Oser, in 1945, showed that absorptives 
wlien taken by the mouth, can bind nutrients and render unavaible 
for the organisme the vitamines taken simultaneous with the ab- 
sorbtive. It is pointed out that the molasses group pigs were given 
wood (*kar(‘oal to give their fews a more normal consisteney. It 
is also quite-possible that the silage acted as an adsorptive. 

(2) Thiamine synthesis is known to oceur in the digestive tract s 
of rats, humans and ruminants. Guerrant and Butcher, in (1932), 
sliowed that the feees of rats on a diet deficient in vitamin B and G 
(ontained these two vitamins, the synthesis taking place in the 
( aecum and colon. 

XA.1JAR and Holt Jr. (1943), analysed blood and urine samples 
from 9 adolescent boys on a thiamine-poor diet, and found that 
urinary thiamine exeretion became negligible. After some months, 
the thiamine was left out of the diet, altogether, and in three to 
five weeks from this date four out of the nine showed definite clinical 
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symptoms of thiamine deficiency. In one of the subjects the symp¬ 
toms were doubtful, while the other four showed no deficiency 
symptoms at all. The feces of the four showing deficiency symptoms 
contained almost no free thiamine, but those of the boys with no 
deficiency symptoms contained plenty of free thiamine. Some of 
this vitamin is, most probably, absorbed from the feces, by the large 
intestine. They also demonstrated a Sharp rise in urinary thiamine 
(jontent following thiamine enemas. 

Thiamine synthesis quite possibly occurs in the intestine of piga, 
and might be an important factor in their vitamin supply. Pigs 
vary, a good deal, however, in their powers of assimilating the 
synthetised vitamin; the present investigation revealed great indi 
vidual differences in the growth and symptoms of the pigs of the 
molasses groups. A diminntion in bacterial activity and vitamin B 
synthesis in the molasses groups may oecur, probably due to the 
rapidity of the passage of food through the intestine and the conse- 
quent difficulties of absorption. 

Other B vitamins are also synthesized by the intestinal bacteria. 

l)ENKO et al. (1946) have studied the daily urinary and fecal 
excretions of thiamine, riboflavin, nicotinic acid, biotin. L. casei 
factor, pantotenie acid, pyridoxine in five young normal adults set 
on a restricted intake for 15 weeks. Fecal excretion was as high or 
higher on the restricted diet than on the normal diet. Urinary 
i‘xoretion of nicotinic acid and L. cacei factor dropped slightly, 
but the others markedly. 

The combined urinary and fecal excretion of all vitamins except 
pyridoxine, approximated or greatly exceeded intake on the restricted 
diet. 

Bohstedt, Gbummer and Boas (1943) feeded swine on a balanced 
diet with only vegetable concentrates. 

The diet was likely deficient in vitamin B complex as well as 
other vitamins. Cattle manure had a supplementary helpful effect, 
as well as brewers yeast. 

Btjrkholdeb and McVeigh (1942) present information on the 
content of nicotin, riboflavin, thiamine and nicotinic acid in bac¬ 
terial cultures of common intestinal bacteria: Escherichia coli, Pro- 
teus vulgaris, Bact. aerogenes, alcaligenes, fecalis, Bact. mesenteri- 
cus and B. vulgatus. These bacterial species synthesize more B 
vitamins than they require for their own metabolism, and the ecxess 
accumulates in their cultures. The importance of this bacterial 
vitamin synthesis is, however, questionable. 

Hathaway and Stern (1946) have observed that the urinar> 
thiamine excretions in 3 women on a natural diet reflected a lower 
thiamine intake, They conclude, the fecal syntheses of thiamine 
was not an important factor in the thiamine economy. 

The activity of the vitamin B-synthesizing bacteria depends upon 
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the nature of the diet. In 1944, Mannebing, Obsini and Elvehjem 
demonstrated that rats on diets with a suboptimal riboflavin con- 
tent gained more weight on corn staroh or dextrin tban on sucrose, 
lactose, lard or cellnlose. As a rule, those carbohydrates causing 
the animal to require little riboflavin for its growth also prodnce 
the greatest amount of riboflavin in the feces. 

Skeggs and Wbight (1946) fed young rats on highly purified 
diets containing ceUulose, sucrose, dextrin or corn starch, but 
deficient in folie acid and biotin. The biggest gains in weight ocenrred 
in rats on a diet of corn starch, and the smallest gains in rats on a 
sucrose diet. 

The vitamin-producing baeteria do not seem to thrive in the con- 
ditions produced by the sucrose diet. Sucrose is more quickly 
digested than dextrin and com starch, and would hardly be plentiful 
by the time it had reached the seat of baeterial activity. 

The main carbohydrate constituent of molasses is sucrose; less B 
vitamin synthesis would thus be expeeted in the molasses groups 
than in Groups 1 and 2. 

The addition of lucerne silage to Group 5’8 diet caused a small 
inerease in the daily crude fibre ration. Men tion has been pre- 
viously made of the faet that rats grew better when their vitamin B 
deficient diets contained more starch than ceUulose. 

In 1945, WiLLiAMSON and Pabsson showed that a heavy con- 
sumption of plant fibre by human beings was accompanied by a 
relatively rapid exeretion of thiamine; the big loss of thiamine was 
apparently oonneeted with the larger bulk of the feces. The evidence 
pointed not so much to interference with intestinal thiamine absorp- 
tion as to stimulation of the intestinal synthesis of thiamine. In 
some of the patients, considerable amounts of thiamine were de- 
stroyed in the digestive traet. 

The addition of lucxjrne sUage to the diet of Group 5 resulted in 
an inerease in the symptoms of thiamine deficiency. Larger rations 
of the same silage were given to adult sows with no ill effeets; hence 
lucerne poisonmg, though known to oceur, at times in other animals, 
is improbable in this case. 

Nobdfeldt (1944) obtained good, thrifty growth in pigs, between 
tlie weights of 38 and 127 kg, on a daily ration of 3.3 kg sUage, con- 
sisting 25 % of kohlrabi tops and 75 % ol potatoes preserved without 
acids. 

In 1944, Pbesthegge found that a daily ration of 3.5—4.3 kg 
niangoldtops A.I.V. silage produced several cases of rickets in pigs 
between the weights of 46—92 kg. He found that this was due to 
the combination of the Ca with the oxaUc acid oceurring in large 
quantities in mangold leaves. 

The silage fed to Group 5 was of a different composition to that 
ased by Pbesthegge, and was given in smaller quantities, so that 
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the amount of (lost through combination with oxalic acid was 
insignificant. It is much inore likely that the silage contained sub- 
stancos which inodified and reduced bacterial activity, and that this 
resulted in a decreased synthesis of vitamin B. 

The synthesis of B-vitamins has been found to decrease when 
human beings and laboratory animals are given succinylsulfathiazol 
by the mouth. A young man, who lived for some months on a diet 
poor in vitamin B^ showed no symptoms of Bj deficiency af ter a 
further 3 weeks on a diet completely deficient in vitamin Bj. During 
the 4th week on this latter diet, he was given doses of succinylsul¬ 
fathiazol by the mouth, and the results was an immediate drop in 
the thiamine content of his feces, Najjaii and Holt (1943). 

WniGHT, 8K.EGGS and Spragxtk (1945) found that doses of succinyl¬ 
sulfathiazol hindered the synthesis of pantothenic acid, folie acid 
and biotin in rats. The same effeet would probably have been 
produced by other such germicides. 

Olsson (1942) found that laying hens developed beriberi on a 
vitamin B^ poor diet consisting 30—40 % of fish preserved in formie 
acid. 

Werner Keil (1941), on the other hand, put 3 groups of guinea 
pigs on a diet of boiled potatoes, chopped root tops and clover hay; 
Group 3’s diet contained formie acid, but the animals grew satis- 
factorily without showing any abnorrnal symptoms, such as acidosis. 
Group 2’s diet contained a corresponding amount of sulphuric. acid 
and the animals soon died. 

Analysis of the silage revealed that of the 29.4 gm orgaiiic acid 
contained in one kilogram of silage, 0.8 gm was formie acid (the 
preservative). For the first 8 days, the Group 5 pigs were given a 
daily ration of 0.3 gm formie acid, which was reduced to an average 
of 0.1 gm after that period. The quantities of formie». acid seems 
rather small to do a considerable diminution of bacterial activity 
in the digesti ve traet. 

(3) Jt is probable that tlie silage and molasses (jontained sub- 
stances having a destruetive effeet upon the vitamin B^ in the diet. 
Melnick, Hoohberg and Oser (1945) showed that thiamine w^as 
destroyed in an alkaline gastro-intestinal traet. The alkalinity of 
molasses is an established faet. 

ÅGREN (1945) found that thiamine and (»arboxylase were in- 
aetivated by greater amounts of reducing agents sueh as eysteine. 
glutathione and vitamin O. He also revealed that monosaceharides 
such as galaetose reaeted with thiamine, thereby diminishing tln» 
amount of thiamine available for Chemical determination. 

Molasses contain reducing agents, while formie acid is itself strongly 
reducing. 

The effeets of formie acid and potassium formate upon thiamine 
were investigated by dissolving thiamine in distilled water, in 26 % 
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formic acid, and in 25 % potaBslum formate, at 15 gm/100 gm liquid. 
The thiamine concentrations remained unchanged in all three Solu¬ 
tions after 17 hours at room temperature. 

ÅOREN (1945) reported the existence of some factor, in the leaves 
of plants, which interfered with the Chemical estimation of thiamine. 
This factor, however, was found to be scarce in lucerne, timothy 
and clover leaves, and as the silage used in the present investigation 
was composed entirely of lucerne, the effect of this factor would 
have been negligible. 


VIII. Conclusions. 

(1) Growth is retarded, and the blood potassiurn level is raised, 
in pigs which are dosed daily with 43.7 gm potassiurn, from a 
liv(‘ weight of 23 kg to 100 kg. IS o symptoms of sickness occur. 

(2) When molasses are substituted for 50 % of the grain, growth is 
found variable as well as appetite and limb coordination. A rise 
in the pyruvic* acid and potassiurn levels of the blood is observt^d. 

(3) The addition of yeast to the diet of the molasses groups reduces 
tlie symptoms of sickness. In spite of an ax)parent sufficiency of 
vitamin Bi in th(‘ diet, vitamin starvation seems to occur with 
the molasses. 

(4) The addition of silage i)reserved by formic*- a(*id to the diet raises 
the bloocrs pyruvic acid level and aggravates the symptoms of 
sickness. 

(5) Vitamin B| avitaminosis is probably caused by a decrease in 
absorbtion or synthesis by the gut. 

(0) It is possible that tliiamine is destroycKl either in the diet or in 
the gut. 

Examinations of the effects of silagc» in the diet will be continued 

hy the author. 


IX. Summary. 

It has been well known for a considerable time that pigs fall sick 
ou diets containing a lot of molasses; Brante (1898) assumed the 
cause of this ailment to be potassiurn poisoning. The causes of this 
phenomenon are further investigated in the present experiment, 

Five groups of pigs, each of five individuals, were fed on the 
tollowing diets: 

Group 1 (control group), conceiitrates only (grain and tankage). 

Group 2, concentrates and potassiurn carbonate. 
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Group 3, 4 and 5, a mixture of equal parts molasses and concen* 
trätes, with a nutritive value equal to that of the concentrate ration 
supplied to Groups 1 and 2. Yeast made up 6 % of Group 4’s diet, 
while Group 5 received silage, up to 6 % on the average, in addition 
to the feed ration. 

All the groups received vitamins A and D in their diets, as well 
as thiamine, of which Group 5 received the least, with 1470 I.U. 
per day. 

The duration of the investigation was from Nov. 27th 1946 to 
May 28th 1947; by the latter date, most of the pigs had been slaught- 
ered at the live weight of 100 kg. The pigs were weighed each week, 
the foUowing week^s diet being calculated on the basis of the mean 
growth of the lightest group. 

Blood samples ^ere taken to determine the contents of K, Ca, P, 
sugar, pyruvic acid and haemoglobin. Clinical examinations were 
carried out two or several times a week, while the post mortem 
examinations were accompanied by histological examinations of the 
nerves and muscular tissues of the pigs which had shown symptoms 
of sickness. 

Growth was retarded by the additional potassium carbonate in 
the diet, and still further checked by molasses, of equivalent potas¬ 
sium content, which also caused inequalities in growth rates. The 
silage had an unfavourable, and the yeast a favourable, effect upon 
growth. 

The potassium level of the blood in the molasses and potassium 
carbonate groups rose by 2.4 mg%. 

A fall in the blood^s haemoglobin level occurred throughout Group 
5, and in two of the Group 3 pigs. 

The highest blood pyruvic acid levels occurred in Group 3 and in 
Group 5 in particular, while that of Group 4 exceeded those of 
Groups 1 and 2. 

Appetites were below the average in Group 3, and very poor in 
Group 5, but quite normal in Groups 1, 2 and 4. 

Very poor co-ordination of the limbs occurred in Group 5, and 
slight difficulties of movement were also shown by one of the Groii]) 
3 pigs. After the start of thiamine injections, however, appetites, 
growth and mobility improved in Group 5. 

Some proliferation of the intraneural connective tissue was re- 
vealed by histological examinations. Degenerations in nerve and 
muscle fibers have been observed. 

The types of deficiencies, and their causes are described. It is 
concluded that pigs may sicken on a molasses diet because of 
thiamine deficiency; the pig’s thiamine requirement is, in soine 
way, increased by the presence in the diet of silage preserved by 
formic acid. 
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Effects of Excessive Liming on Leached, 
Acid Soils. 

IL Forms of Manganese. 

By SANTE MATTSON, ERIK ERIKSSON and KAREL VAHTRAS. 
From ihe Inatitute of Pedology, 


The principal known facts concerning the forms and reactions of 
Mn in the soil might for our purpose be summed up as follows: 

Divalent Mn is present in the soil solution as bicarbonate, sulfate 
etc. and in the exchangeable form in combination with the soil 
acidoids. 

The trivalent and the tetravalent Mn form the insoluble higher 
oxides MugOg and MnOg. 

The most active fractions of these oxides exist in an oxidation- 
reduction equilibrium with the divalent Mn. 

At high pH (above 6) the divalent Mn is extensively oxidized, 
chemically as well as by bacteria, under aerobic conditions. Heavily 
limed and alkaline soils are therefore mostly very low in exchangeable 
Mn, of ten to the point of deficiency. 

In acid soils the higher oxides of Mn are extensively reduced by 
the soil organic matter. In waterlogged soils the reduction is brought 
about by micro-organisms which derive their oxygen from these 
oxides. These soils are therefore always much higher in exchangeable 
Mn, of ten to the point of toxicity. 

Besides these active forms of secondary Mn compounds there are 
present in most soils more or less large proportions of unweathered, 
priniary compounds of Mn. 

A good review of the present status of our knowledge of the forms 
and reactions of Mn in the soil is given by Leepeb (1947). 

Methods. 

In a previous paper in this journal (Mattson 1946) data were 
presented showing the composition of the excessively limed soil on 
the Brännalt farm compared with the composition of the virgin 
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podzol under a stone fence through which a trench was dug, and from 
which several profile series of samples were taken. 

It was found that the exchangeable Mn, determined by leaching 
the soil witb a neutral solution of 1 N. NH 4 CI, was much lower in 
the limed field than in the soil under the fence which showed con- 
siderable quantities of Mn in the A horizon. It was then decided to 
study the distribution of other forms of Mn in these profiles. The 
present paper deals with the results of this work in which the fol- 
lowing methods of extraction were used: 

1 . Total Mn, The soil was decomposed by hydrofluoric acid and 
then the Mn was determined by the method of Kobinson (1930). 

2 . Acid oxalaie-soluhle Mn. 5 g. soil were shaken for 3 hours at 
20 ® C together with 200 cc of Tamm^s acid oxalate solution A (= 
34.694 g. H 2 C 2 O 4.2 HgO + 350.4 m. e. NH 3 per liter, pH = 3.18). 
Method of Tamm (1932). 

3. Hydroquinone^reducible Mn. 15 g. soil were shaken for 6 hours 
at 20 ® C together with 150 ce 1 N. neutral NH 4 -acetate solution con- 
taining 0.2 % hydroquinone. Method of Leeper (1935). 

4. Pyrophosphate-soluble Mn, 5 g. soil were shaken for 18 hours 
at 20 ® C together with 100 cc 0.2 M. Na-pyrophosphate (pH 7.4). 
Method of Bion and Mann (1946). 


Total Mn. 


The total Mn was determined only in a sufficient number of samples 
to show the trend in the profiles (ftg. 14). We note 1) that there is 
a fairly uniform amount (545 to 583 p. p. m.) in the surface layer 
(Al horizon); 2 ) that there is a minimum in the Ag (bleached) hori- 


^rdinna i-i 


o 

Cnt 


YVYifYYYyryvYvrvvyvv vvvtififi/i/if. 



• 635.9 


, 690.0 


• 468 . 6 , 


Ounnar^d 


/yyyyyyvYym 


® 571.9 • 583.2 


• 507.9 • 

• • 

• 596.7 

• • 

• 607.1 • 




Fig. 14. Chart showing the total Mn in p. p. m. The profile series include the 
Virgin soil under the fence, the headland soil and the soil in the cultivated fields. 
The Brännalt farm was heavily limed about 60 years ago. 
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Fig. 15. Chart showing tho percentage ignited residue from the acid oxalate- 
extracts. See fig. 14. 


zon; and 3) that it then increases down the profiles to over 700 
p. p. m. at the bottom. 

The minimum in the Ag horizon is not so pronouncod on the 
Gunnared side (540 p. p. m.). This is explained by the fact that 
the soil is here less strongly podzolized as indicated by the absence 
of a bleached layer below the cultivated soil (cf. fig. 15). 

The Mn which is eluviated from the A horizon is apparently pre- 
cipitated much lower down in the B horizon than is the case with 
Al and Fe which always form a maximum in the upper B horizon 
of the podzoL This is only what might be expected, for Mn is leach- 
able in the divalent condition and represents as such a fairly strong 
base which requires a relatively high pH for its precipitation. Pur- 
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thermore, as far as the accnmulation depends on a reoxidation of 
Mn, we would not expect this to occur before the Mn ions reach a 
zone of sufficiently high pH and a sufficiently low organic matter 
content, and then only when a good drainage provides a high oxid¬ 
ation potential. 


Acid oxalate-soluble Mn. 

The precipitated hydrous oxides of Al, Fe, Mn and other metals 
are readily dissolved by Tamm’s acid oxalate solution through the 
formation of complex ions. Only the compact and more dehydrated 
forms of these oxides in the soil are acted upon with difficulty. The 
acid oxalate method has therefore proved very useful in the study 
of pedologic differentiation, specifically as applied to podzolization. 

Pig. 15 shows the per cent of ignited residue from the acid oxalate 
extracts of the profile samples. The material represents a part of 
the inorganic components of the gel complex of the soil, the part 
generally designated as Tamm colloids. It consists mostly of AlgOg 
and FcgOg, a little SiOg, and small amounts of MnO and P 2 O 5 to- 
gether with some of the strong bases of the soil. 

The pattern is the typical one for the podzol profile: a maximum in 
Al due to biological accumulation; a minimum in Ag resulting from 
a cationic solvation and eluviation; and a second maximum in the 
B horizon where the amphoteric colloids are isoelectrically precipit¬ 
ated. 

Only the Mn and the P were determined in the Tamm colloids. 
The distribution of P in the profile series will be discussed in a se- 
parate paper, The distribution of the acid oxalate-soluble Mn is 
shown in fig. 16. 

The figure shows that this active, “gel-bound’^ Mn has a maximum 
in the Ai horizon of up to 12 % of the total Mn, that it has a very 
low minimum in the bleached A^ horizon, where it amounts to only 
about one per cent of the total Mn, and that from there on down- 
wards it increases to a still higher maximum in the deepest part of 
the profile where it reaches 20 to 25 % of the total Mn. 

Whereas the trend in all the profiles is much the same from the 
bleached horizon downwards, it will be noted that in the surfaee 
layer the acid oxalate-soluble Mn is more than twice as high in the 
heavily limed Brännalt soil as in the slightly limed and acid Gunnared 
soil and in the acid Virgin soil under the fence. The heavily limed 
Brännalt soil is very low in exchangeable, divalent Mn, whereas the 
acid soil under the fence and on the Gunnared side contains consider- 
able exchangeable Mn in the surfaee layer (Mattson 1946). 

The gel-bound Mn being high where the exchangeable Mn is low, 
and vice versa, leads us to conelude that there has been a gain in 
Mn on the one side and a loss of Mn on the other. In the limed soil 
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Fig. 16. Chart showing the acid oxalate-soluble Mn in p. p. m. See fig. 14. 


the rapid oxidation of Mn has lead to its fixation and accumulaiion. 
In the acid soil the Mn is extensively reduced to its divalent form 
and subjected to leaching. 

Which of these two factors has contributed most to the present 
differences in the Mn status of the soil is difficult to decide. On the 
Brännalt side, where we may assume complete fixation since the time 
of liming, the gain is represented by the Mn in the crop residue, some 
of which has been pumped up from the lower horizons, by the Mn 
in the manure and in the products of weathering. The loss is re¬ 
presented by the Mn removed with the crop, On the Gunnared 
side we have to include loss by leaching in the above balance. Un¬ 
der the fence both the vegetation and the manure factor must be 
<*xcluded. The balance is here confined to weathering and leaching* 
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The net result is an increase in gel-bonnd Mn in the limed Brännalt 
soil and a decrease in the acid Gunnared soil and in the soil under the 
fence. 


Exchangeable Mn. 

The exchangeable Mn was found to be as low as 0.27 p. p. m. 
in the surface samples from the overlimed Brännalt field. This is 
about ten times lower than the 2 to 3 p. p. m. which several investig- 
ators consider the lower limit for crops sensitive to Mn deficiency 
(Leeper 1947, Heintze 1946, Shebman et al 1942). 

While the Mn-deficiency disease in oats known as “greyspeck’’ 
has earlier been a common occurence on the Brännalt farm there was 
no evidence of it in 1945 when the profile series of samples were 
coUected. According to the owner this disease has been cured by the 
application of ammonium sulfate. However, it must be recalled that 
the trench was dug in a part of the field where, according to the 
owner, there has been no improvement, no matter how the soil was 
fertilized. 

We shall not here reproduce the figures showing the exchangeable 
Mn. Instead we present fig. 17 which shows the exchangeable Mn 
expressed in per cent of the acid oxalate-soluble Mn. The figure shows 
clearly under which conditions the exchangeable, divalent Mn is 
formed. The high percentages of exchangeable Mn are all in the upper 
half of the fence and the Gunnared profiles where the pH is low and 
where, at the same time, the organic matter is high. The fact that 
the percentages reach higher values in the Gunnared soil than under 
the fence where the pH is the lowest must be ascribed to the biolo- 
gical cycle in which the field Mn but not the fence Mn takes part. 
The very low percentages of exchangeable Mn in the heavily limed 
Brännalt field is in agreement with the findings of previous workers. 


Hydroquinone-reducible Mn. 

From the Mn brought in solution by a neutral 1 N. !NH 4 -acetate 
solution containing 0.2 % hydroquinone we deducted the exchange¬ 
able Mn and thus obtained the hydroquinone-reducible Mn shown 
in fig. 18.1 

It is interesting to note that this, the so called ‘‘easily reduced^’ 
Mn is highest in the surface layer of the Brännalt soil where the ex¬ 
changeable Mn is lowest, while in the upper half of the fence and 

1 In Bome cases the exchangeable Mn was somewhat higher than that dissolved 
by the hydroquinone containing aeetate solution. This is at least in part due to 
the fact that the exchangeable Mn was determined (a year earlier) by leaching with 
neutral NH 4 CI whereaa the Mn extrected with hydroquinone was determined in 
the equilibrium solution. 




Fig. 17. Chart showing the exchangeable Mn in per cent of the acid oxalate- 
soluble Mn. See fig. 14. 


Gunnared headland profiles it is entirely absent. The most obvious 
eonclusion seems to be that in the acid profiles the easily reducible 
Mn has already been reduced under the conditions in nature. Hence 
the high amount of exchangeable Mn in these profiles. In the heavlly 
limed Brännalt soil, on the other hand, the easily reducible Mn is 
high because here the Mn originally present in the divalent form has 
recently been oxidized (as a result of liming) as has also a certain 
annual tumover of Mn which enters the biological cycle. The re¬ 
cently oxidized, and most highly hydrated, higher oxides of Mn are 
thus assumed to constitute the active, easily reducible form of these 
compounds. 

The hydroquinone-reducible Mn shows a tendency to increase in 
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Fig. 18. Chart showing the hydroquinone-reducible Mn in p. p. m. See fig. 14. 


the lower part of the profiles. This trend, which is somewhat erratic, 
is not surprising in view of the fact that the acid oxalate-soluble Mn 
increases greatly with depth. Some of this Mn, if pedogenic, must 
recently ha ve been oxidized and precipitated and might therefore 
be expected to be more active than the older oxides just as in the 
case of the Brännalt surface soil. 

Leepeb (1935) puts the lower limit for easily reducible Mn which 
is necessary for the healthy development of plants at 15 p. p. m. 
But “the great majority of healthy neutral and alkaline soils contain 
over 100 p. p. m. of quinobsoluble Mn’’ (Leepeb 1947). According 
to this yardstick the Brännalt soil, although deficient in exchangeable 
Mn, would barely be on the safe side with respect to available Mn. 







Effects of Excefisive Liming on Leached, Aoid Soils 


.Mrdfffta/f 


Ounnarmd 


’‘3o/tfb/e M/t 



Fig. 19. Chart showing the pyrophosphate-soluble Mn in p. p. m. See fig. 14. 


Pyrophosphate-soluble Mn. 

The distribution of pyrophosphate-soluble Mn in the profile series 
is shown in fig. Id. Since the extraction was done with a 0.2 M solu- 
tion the values include some of the exchangeable Mn. 

A comparison with the acid oxalate-soluble Mn in fig. 16 shows 
that a very large proportion of the ‘‘gel-bound’^ Mn in the A horizon 
is soluble in pyrophosphate. In the lower part of the profdes the 
pyrophosphate-soluble Mn is relatively lower but attains here also 
considerable magnitudes. The pattem of distribution is very much 
the same in figures 16 and 19, the main difference being that the in- 
erease with depth in the lower part of the profiles is somewhat de- 
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layed in fig. 19, giving rise to a broader and deeper minimum for 
pyrophosphate-Boluble Mn. 

The pyrophosphate-soluble Mn is a little larger than the acid 
oxalate-soluble Mn in a few samples from the A 2 horizon and in the 
top sample in the Gunnared field. These values have all been checked. 

Dion and Mann (1946) studied the fraction of soil Mn soluble in 
neutral pyrophosphate solution, and identified it as trivalent Mn 
present in the extract as a soluble complex salt of manganipyrophos- 
phoric acid H(MnP 207 ). They considered this as evidence of the 
presence in the soil of very significant proportions of trivalent Mn, 
and assumed it to be present in the form of more or less highly hydra- 
ted manganic oxide MuaOa • XH 2 O. This oxide is stable in alkaline 
soils but dismutes in acid soils into a divalent Mn ion and a molecule 
of Mn 02 . 

This dismutation led Dion and Mann to formulate the Mn cycle 
in the soil by the foUowing seheme: 

Exchangeable Mn -^ MnOj 

(Mn—) 



(Mn***^) 

In a later publication Heintze and Mann (1946) make the im- 
portant observations. 1. that alkaline pyrophosphate solution 
(pH 9.4) dissolves less Mn than the neutral solution from soils poor 
in organic matter, but more Mn from soils rich ia organic matter; 
2 . that, unlike the neutral extracts, the alkaline pyrophosphate 
extracts ga ve no benzidine test, indicating divalent Mn; and 3. 
that, after adding an excess of MnOg to the soil, alkaline pyrophos¬ 
phate extracts were obtained which contained twice as much or more 
(in highly organic soils) Mn and which gave the benzidine reaction. 

Heintze and Mann conclude that the Mn found in alkaline pyro¬ 
phosphate extracts of soils may exist as nonexchangeable, divalent 
Mn in the form of co-ordination complexes with the soil organic mat¬ 
ter, as suggested in another Eothamsted paper by Bremner et al 
(1946). The possibility of the formation of divalent Mn by reduction 
during the extraction is, however, considered by the authors, who 
also question ‘‘whether the trivalent Mn found by Dion and Mann 
in neutral pyrophosphate extracts occurs as such in soils, or whether 
the reaction MnO + Mn02 = Mn 203 takes place in the pyrophos¬ 
phate extractant’\ 
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Oxidation and reduction of Mn. 

In view of the fact that humus becomes strongly reducing in an 
alkaline medium it seems very probable that divalent Mn will form 
during extraction with alkaline pyrophosphate. 

The oxidation of divalent Mn in an atmosphere of oxygen is com- 
pletely suppressed in 0.2 M. pyrophosphate solution up to a pH of 
9.6 (fig. 20 A). This points to the existence of a mangano-pyrophos- 
phate complex, the formation of which woidd favor the reduction of 
Mn to the divalent condition. A citrate has a similar effect (fig. 20 B). 

The oxidation of the Mn is very rapid in a slightly alkaline 0.6 M. 
ammonium acetate solution (fig. 20 c). The product of this oxidation 
is the cinnamon brown Mn(OH) 3 . Fig, 20 C shows that 1 m. mol 
MnOlg combines with 1 m. e. of oxygen in less than 90 minutes at a 
pH of 8.33. At still higher pH the precipitate assumes a darker color, 
indicating the formation of MnOa. 

When the Brännalt 5 b surface soil (cf. Mattson 1946) was used 
as a buffer the consumption of oxygen was much greater and began 
at a lower pH (fig. 20 D), Since more oxygen was consumed on the 
alkaline side than was required to form trivalent Mn, and since the 
soil itself consumed only 1.0 cc oxygen at pH 11.5 it must be conclu-, 
ded that some MnOg was formed. Whether the soil catalyzes the 
oxidation, or whether the ammonium acetate has a suppressing ef- 
fect is impossible to say without comparing with a system containing 
nothing but the reactants in pure water. But the pH values in such 
a bufferless system are misleading since the oxidation liberates free 
acid. 

The effect of other salts of organic acids such as succinate, malate 
and tartrate was studied, but in no case did we find nearly as great 
a suppression of the oxidation of Mn as that produced by pyrophos¬ 
phate and citrate. These are the two salts which Bremner et al 
(1946) found to possess, by far, the greatest solvent action on soil 
Mn. 

The order of suppression on the oxygen consumption was succi- 
nate < malate < tartrate < citrate < pyrophosphate. 

The question arises: if the formation of a complex mangano-ion 
suppresses the oxidation of divalent Mn, will the formation of a 
complex mangani-ion lead to the reduction of the otherwise stable 
MnOa? 

The answer to this question is found in a simple experiment. 

It is weU known that the reduction of KMn 04 in alkaline solution 
leads to the formation of MnOg which is normally stable at high pH. 
If a solution of KMn 04 is run into a solution of hydroquinone 
containing pyrophosphate no precipitate is formed, even if a coagu- 
lant (K 2 SÖ 4 ) is added. But if we now add a sufficient amount of 
I^aOH a cinnamon brown precipitate of Mn 203 is formed. 
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The reduction of KMn 04 evidently stops at MnOj only when this 
is the most stable product. In the presence of pyrophosphate the 
reduction proceeds to the trivalent form of Mn because of the still 
greater stability of the (MnPaO^)"” ion. To what extent divalent 
Mn will be formed in neutral or alkaline Solutions will depend on 
the relative stabilities of the mangano- and mangani-pyrophosphate 
complexes. 

MnOg acts in the same way as KMn 04 . After shaking 0.4 g MnO^ 
and 0.2 g hydroquinone in 100 cc 0.2 M. Na-pyrophosphate (pH 8 . 2 ) 
for 18 hours a filtrate was obtained which contained 47.0 mg Mn/ 
100 cc. When Na-humate was substituted for hydroquinone the 
filtrate contained 26.8 mg Mn/100 cc. When a 0.2 M. solution of 
NaHCOg (pH 8 . 2 ) was substituted for pyrophosphate in the experi¬ 
ment with hydroquinone we obtained only 1.3 mg Mn per 100 cc 
filtrate. 

The same results were obtained when, instead of organic matter, 
MnClg was used as a reductant. After shaking 0.4 g MnO^ and 0.2 m. 
mol MnClg in 100 cc 0.2 M. NaHCOa solution (pH 8 . 2 ) for 18 hours 
we obtained a filtrate containing only 0.1 mg Mn/100 cc, whereas 
the Na-pyrophosphate solution, at the same pH, brought large 
amounts of Mn in solution. Fig. 21 B shows the soluble Mn as a func- 
tion of the pH. 

Below a pH of 9.0 more Mn is brought in solution then the amount 
of MnClg added. On the basis of the observations of Dion and Mann 
this would depend on the reactions 
MnOg + MnO = MngOa 
Mn^Oa f 2 H 4 P 2 O 7 = 2 H(MnP207) -f 3 H 2 O 

Below a pH of 7.6 more than twice the Mn added as MnClg is brought 
in solution. This might be the beginning of the acid reduction of 
MnOg (aU oxides of Mn are reduced to the divalent condition in acid 
solution) or it may be due to the presence of Mn 203 in the MnOj 
sample (cf. fig. 21 A). 

Above a pH of 9.0 there is less Mn brought in solution than the 
amount of MnClg added. This must be related to the fact that the 
solubility of the Mn 203 itseU decreases rapidly at this pH (fig. 21 C). 
Whether this is due to the Mn 208 being too insoluble to react at high 
pH or to an instability or precipitation ol the (MnP 207 )-ion is not 
known. 

Fig. 20. Curves showing the consumption of oxygen by 1 xn. mol MnCl| as a funo- 
tion of the pH in volumes of 15 cc containing: 

A. 0.2 M. Na-p 3 rropho 8 phate. 

B. 0.2 M. Na-oitrate. 

C. 0.6 M. NH 4 -acetate. 

B. 5 g. Brännalt 6 b soiL 

The measnrements were done at 20° C. in an atmosphere of oxygen in a War- 
burg respiration apparatus. The pH was determined at the end of the reaction. 
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MgMn 

pr/OOcc 



B. 0.4 g MnOj 4- 0.2 m. mol MnCl 2 . 

C. 0.4 g Mn20}| • X HjO (prepared by oxidizing MnC^ in neutral ainmonium acc> 
tate Bolution in an atrnosphere of Og). 


The conclusion of Heintze et al. is thus verified: In the presenee 
of pyrophosphate (and other anions, forminj? sufficiently stable 
complex ions with trivalent Mn) the reaction MnOg+MnO = MngOg 
does occur even at very high soil pH. The presenee of soil organie 
matter alone will bring about the reduetion of MnOg in the presenee 
of such complex ion-formers, at pH values at which this oxide is 
otherwise stable. 

But this does not answer the question whether or not trivalent 
Mn exists in the soil or is formed during the extraetion with pyro¬ 
phosphate. The following experiment might contribute to a solu- 
tion of this problem. 

Dnplicate samples of the Brännalt surface soil, yielding Ö4 p. p. m. 
pyrophosphate-soluble Mn, were treated with HgOg in an ammoniacal 
solution nntil the organie matter was decomposed. (A similar treat- 
ment of the cinnamon-brown MngOg precipitate did not change its 
appearance). Af ter evaporation to dryness the samples were treated 
with Na-pyrophosphate solution in the abo ve described way and 
yielded now 50 and 52 p. p. m, of untreated soil. This, together with 
the faet that the pyrophosphate-soluble Mn reaches high values in 
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the deepest part of the profiles where the organic matter is very 
low, lends support to the original oonclusion of Dion and Mann that 
a large part of the soil manganese exists in the trivalent form« 


Available forms of Mn. 

Manganese deficiency has been found by many workers to be re- 
lated to the amount of exchangeable (divalent) Mn or it has been 
found to be related to the amount of easily reducible Mn. But the 
relationship between Mn availability and exchangeable or easily 
reducible Mn is not always clear. This points to other factors con- 
troUing the supply of Mn to plants. One such very probable factor 
is the presence in the soU of soluble Mn in the form of complex ions. 
A number of anions, formed in the soil or exuded by the plants, 
might form such complex ions. The citrate ion is probably one of 
these. To what extent the pyrophosphate ion occurs in the soil or 
is exuded by the plants is an open question. Ltjndegåedh and 
Stenlid (1944) report the presence of adenosine monophosphoric 
acid in the exudate of pea roots. In some cases they found as high 
as 3 phosphoric acid groups to one of purine. This suggests the 
presence of adenosine triphosphate which contains a pyrophosphate 
group. 

The pyrophosphate ion forms soluble complex ions with many 
metal cations besides Mn, such as Fe, Cu, Co and Zn, ions which, 
at high pH in the soil, are normally highly insoluble but which are 
essential elements for plants and animals. 

If pyrophosphate could be used as a solvent for these elements 
in the soil we would merely have to dose the soil with the proper 
quantity of a soluble pyrophosphate instead of, as now, applying 
large amounts of salts to soils already containing an ample supply 
of these elements. 

Fertilizer experiments with pyrophosphate are being conducted 
at this institution. The results will be reported in this journal. 

Lundegårdh and Stenlid were also able to identify flavanone 
in the exudate from wheat roots. Like the ordinary poly-phenols 
the flavanones, which are derivatives of phenyl-benzo- y-pyrane, 
containing phenol hydroxyl, are stron^y reducing. This suggests 
still another mechanism whereby the plant can make available an 
otherwise, at high pH, highly insoluble element like Mn (and Fe). 

The observation of Limdegårdh and Stenlid recalled to us that in 
our cylinder experiments the pea straw from the K fertilized cylinder 
yielded a very much more yellow water extract than the straw from 
the Ca fertilized cylinder. An extract of 50 cc from 2 g. straw was 
shaken for 2 hours with 0.2 g. MnOj. The K-straw extract dissolved 
8.46 m. e. Mn while the Ca-straw extract dissolved only 4.82 m. e. 
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per 100 g. straw. Whether this was due to the yellow coloring 
matter or not, we do not know. The problem has been reserved 
for futnre study. 


Grass as a soil former. 

The reader vrill ha ve noted the unique appearance of the Brännalt 
headland profile. It looks as if the layer of biological accumulation 
is here working itself downwards into the elnviated Aj horizon, 
fiUing out the differenees in the distribution of all the different forms 
of Mn. It will be recalled that the distribution of organic matter, of 
Ca and of Mg showed the same picture (Mattson 1946). The brown 
earth is here obviously being regenerated. 

The cause of this regeneration of the soil is equally obvious. The 
heavy growth of grass — which in 1945 almost exclusively consisted 
of Agrostis stolonifera — is seldom grazed except after the harvest. 
Its root system is never cut by the plow. The roots will therefore 
penetrate to great depth, pumping up nutrients from the lower to 
the higher levels, and after their death contribute to the organic 
matter content of the entire profile. 

This regeneration of the soil under the headland grass emphasizes 
the importance of allowing deep rooted plants, such as clover and 
luzeme, an undisturbed growth through a series of years. 

The absence of any signs of accumulation in the Gunnared head¬ 
land is explained by the fact that the field on that side of the fence 
has only recently been brought into cultivation. 


Summary. 

The following forms of Mn have been studied in the Brännalt pro¬ 
file series inclu^g the heavily limed soil in the field and the unlimed 
Virgin podzol under a stone fence: 

1 . Total Mn. 

2 . Acid oxalate-soluble Mn. 

3. Exchangeable Mn. 

4. Hydroquinone-reducible Mn. 

5. Pyrophosphate-soluble Mn. 

The results are presented in the form of pedographic charts. 
Some factors goveming the oxidation and reduction of Mn are 
discussed. 
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Laws of ionic exchange, 

IIL Donnan equilibria in plant nutrition. 

By SANTE MATTSON. 


From the Inatitute of Pedology. 


In a previous paper (Mattson 1946) it was shown that the distri¬ 
bution of the exchangeable mono- and divalent cations between 
different soils in equilibrium with the same solution depends upon 
the exchange capacity (theoretically it depends upon the activity 
of the ions dissociated by the soil acidoids). For example, the equi- 
valence ratio Ca/NH 4 was 8.4 in bentonite (exch. cap. 90 m. e./lOO g.) 
and 3.3 in kaolin (exch. cap. 3.5 m. e./lOO g.) af ter equilibrium of 
these materials with a solution which was 0.005 n. with respect to 
both Ca and NH 4 ions: The greater the activity of the “inside’^ 
solution as compared to that of the ^^outside^^ solution the greater 
will be the proportion of divalent cations taken up by the soil. 
This is an expression of the valence effect in the Donnan equilibrium. 

The present paper deals with the converse relationship which might 
be stated as foUows: 

If two soils having different exchange capacities (due to diffe¬ 
rent acidoid concentration or strength) contain the same proportion 
of a monovalent and a divalent cation then the soil having the higher 
exchange capacity should yield its monovalent ions more readily 
and its divalent ions less readily than the soil having the lower 
exchange capacity. That is, the former soil should be in equili- 
brium with a solution containing relatively more monovalent than 
divalent cations as compared to the solution in equilibrium with the 
latter soil. If placed in the same solution the soil with the higher 
exchange capacity would take divalent cations from, and yield mo¬ 
novalent cations to the soil with the lower exchange capacity. The 
important conclusion here is that, other things being equal, plants 
should be relatively better supplied with monovalent than with 
divalent cations by the soil having a high exchange capacity whereas 
the soil having a low exchange capacity, should supply the plants 
relatively better with divalent than with monovalent cations. 



LawB of lonic Kxofaange 


309 


Iiet ns illustrate this by some examples. A Donnan system may 
consist of a coUoidal pbase and a solution phase, or it may consist of 
tiro (or more) coUoidal pbases of different ionic actiTities, iritb or 
witiiout an “outside” solution pbase. The soil is a poly-pbase Don¬ 
nan system. Tbe Donnan distribution of mono- and divalent cations, 
e.g. K* and Ga", between tbe soil (s) and tbe soil solution (w) sbould 
be _ 

(K-), 

(K-)w VlCÖ^ 

wbere tbe parantbeses stand for actmty. 

Suppose now tbat we bave two soils, one (A) witb a low excbange 
capacity and anotber (B) witb a bigb excbange capadty, and let 
U8 asBume tbat 

(K-), = (Ca"), = 0.01in A 

and 

(K*), = (Ca"), = 0.1 in B 

and let us furtber assume tbat botb soils are in equibbrinm udtb a 
solution in whicb (K')w = 0.0001, then by proper substitution in (1) 
and by solving for (Oa")w we get for A 

0.01 V^O.Ol 

0.0001 KÖ.00ÖÖÖ1 

giTing a (K’)w/(Ca")w ratio = 100, 

and for B _ 

OA _ Ko.i 

0.0001 Ko.ooooool 

giving a (K')w/(Ca")w ratio = 1000. 

Soil B, whicb is assumed to possess tbe higber excbange capacity, 
yields a Ga ion activity in tbe soil solution wbicb is ten times lower 
than tbe Ca ion actmty of tbe solution in equUibrium with soil A. 

Tbe more dilute we assume tbe soil solution to be with respect to 
K’ tbe greater will be this difference between tbe K’ and Ca" activi- 
ties. But as (K‘),/(K*)w approabces unity (K‘)w/(Ca")w will also, ap- 
proacb unity. In a concentrated soil solution tbe difference in tbe 
supplying power of tbe two soils with respect to mono- and divalent 
cations will therefore tend to vanish. 

In a Donnan system oonsisting of two coUoidal pbases, e.g., 
soil (s) and plant (z) tbe relative distribution of tbe cations between 
tbe two pbases wiU be different depending on wbicb of tbe pbases 
possesses tbe greatest activity. But tbe soU with tbe hi^est excbange 
capacity sbould under aU conditions supply tbe plants relatively bet- 
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Table 5. Theoretioal Donnan distribution of K and Ca ions between 
plant (z) and two soils (s) of different exchange capacity. Välues for 
{Ga’*)z are calculatedj all other välues assumed. 


A 

Low exchange capacity; — 
(K')g - (Ca")g = 0.01 

B 

High exchange capacity; — 
(K*)8 “ (Ca •)8 “ 0.1 

No 

(K-), V^")g 

(K-)g F (Ca-)^ 

(Ca")* 

No 

(K-)g l^(Ca"), 

(K-)* V ("Ca"), 

(K-)* 
(Ca )z 


(K-)z = 0.1: — 





1 a 

0.01 v^öToT 

0.1 Yl 

0.1 

Ib 

0.1 _ 

0.1 

1 


(K*)z - 0 .01: — 





2a 

jo jo 
lo* !o' 

o 1 o 
ö 1 o* 

1 

2b 

0.1 >^0.1 

0.01 " Fo.ool 

10 

1 


(K*)z - 0 .001: — 

1 ' 1 

i 

L. 1 

i 

! 



3 a 

0.01 1^0.01 

-= 10 

0.001 V 0.0001 

! 3 b 

! 

0.1 Yo.i 

-“ 77— - 1 100 

0.001 v 0.00001 1 


ter with K and relatively poorer with Ca as compared to the soil 
with the lowest exchange capacity. This is illustrated in table 5. 

From the relationships in table 5 the following conclusions may be 
drawn. 

1. When the equilibrium activity of the K ions is the same in the 
soil as in the roots the activity of the Ca ions will likewise be the same 
in both phases (1 b and 2 a). The uptake of the ions by the plants 
should be in the proportion in which they are present in the soil. 
The soil should ha ve no selective effect but behave like a water cul- 
ture. This should apply whether (K’)8 = (Ca")8, as assumed, or 
not. 

2 . When the equilibrium activity of the cations is greater in the 
roots than in the soil there should be a relatively greater uptake of 
Ca ions (1 a). 

3. When the equilibrium activity of the cations is greater in the 
soil than in the roots the relative uptake of K ions should be greater 
(2 b, 3 a and 3 b). 

4. In every case the relative uptake of Ca ions by the plants should 
be greater in the A soil, whUe the relative uptake of the K ions should 
be greater in the B soil (Cf. (K‘)z/(Ca'’)z in A and B). 
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In which of the two soilfl this selective effect will be most pro- 
nounced will depend upon the Talue of the aotivity quotients. Oom- 
pared to the composition of plants grown in a balanced water cultnre 
solution we should expect plants grown under the conditions of 1 a 
to be low in K and/or high in Ca, while the same kind of plants grown 
under the conditions of 1 b might not show any marked deviation 
in composition. For the same reason we would not expect the com¬ 
position of the plants grown under the conditions of 2 a to depart 
much from the “normaP’ content of K and Ca, while the plants grown 
under the conditions of 2 b might be expected to be high in K and/or 
low in Ca. 

What has been said applies only to the activity distribution of the 
ions. But the activities may deviate greatly from the concentrations, 
and the concentration, or more strictly the mass distribution, of the 
ions is the only thing we can determine by analysis. It is therefore 
of importance to consider the effect of valence on the concentration 
distribution of mono- and divalent ions in a Donnan system. 

An application of the interionic attraction theory will lead to the 
conclusion that this effect works in the same direction as the valence 
effect on the activity distribution, i. e., the two effects are additive, 
80 to speak. The inequality in the concentration of mono- and diva- 
lent ions in a Donnan system should be greater than their inequality 
in activity. This conclusion is based on the Debey-HUckel equation 


-log f+ = 0.5 • z+1/^ 


where f + is the activity coefficient of the cations, z their valence, and u 
the ionic strength of the solution (the factor 0.5 holds for 20 ® C). 

Except in special cases f varies between 1.00 at very high dilutions 
to near 0.00 in concentrated Solutions and is lower the higher the 
valence of the ions. Thus in 0 . 001 , 0.01 and 0.1 M. KCl the activity 
coefficient of the K ions would be 0.964, 0.891 and 0.695 respectively 
whereas in 0 . 001 , 0.01 and 0.1 M. CaCl 2 the coefficient of the Ca ions 
would be 0.882, 0.671 and 0.284 respectively. 

Now, since the activity (a) is equal to the concentration (c) multi- 
plied by the activity coefficient we get 

a 


which shows that c must grow greater than a in proportion to the 
suppression of f. 

Since f will suffer the greatest suppression in that phase of a Don¬ 
nan system which possesses the highest ion content, and since the 
suppression is greater for Ca than for K ions it foUows that Ca will 
tend to accumulate in the most concentrated phase, for here the 
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individual Ca lons are least active. Hence the power of Ga ioiw to 
displace K ions is greater in bentonite than in kaolin. 

However, it is only when nearly all of the cations exist in combi- 
nation with the soil and plant acidoids that a definite valence effect 
is to be expected. It is only when the plants have to compete trith 
the soil for the ions by exchange that the Donnan distribution vill 
be refleoted in the composition of the plants. With an increase of 
free electrolytes the inequalities in the Donnan distribution of ions 
will be evened out. Furthermore, in a rich nutrient soil solution the 
plant will obtain all it needs, independent of the exchange capacity 
of the soil, and any departure from the normal composition of the 
plant is now more likely to reflect a luxnry consumption. 

It should finally be pointed out that whether the uptake of ions 
by the roots takes place through direct contact between the ionic 
swarms of the soil and the roots, as conceived by Jenny et al 
(1939), or through the soil solution the ultimate result should be the 
same where the three phases are in equilibrium. An exchange of 
ions between two swarms must, howerer, be most rapid when these 
swarms are in actual contact or, what seems more probable, when 
separated by the thinnest film of extra-micellar solution, for then the 
actiyity gradient is at a maximum. 

Experimental part. 

To test the theory here outlined barley plants were grown in a se¬ 
ries of beakers containing kaolin and i^ntonite saturated with K 
and Ga ions in different proportions. For comparison barley plants 
were also grown in water cultures containing KGl and GaGlj in corre- 
sponding proportions (table 6 ). 

Portions of 300 g. electrodialyzed kaolin and 11 g. bentonite were 
saturated with a total of 10 m. e. KOH and Ga(OH)j in the propor¬ 
tions given in table 6 . The bentonite was diluted with pure quartz 
sand to the same volume occupied by the kaolin. 

The beakers containing the materials were planted with 16 seeds 
of barley in the first part of September 1946 and placed in the green- 
house. The plants were watered with a solution containing 5 m. mol 
NH 4 NO,, 1 m. mol MgS 04 , 0.5 m. mol lfaH 2 P 04 and 1 cc of a 0.5 % 
solution of ferric tartrate per liter. Each beaker received a total of 
340 cc of the solution. The pH varied between 6.90 and 8.30 at the 
beginning of the experiment. The pH was high where the K was 
high, and was highest in the kaolin. 

The water cultures consisted of the same solution which was used 
for watering the kaolin and bentonite plants but contained in ad¬ 
dition KGl and GaGlj in the proportions shown in the table. The 
plants were supported on a large, paraffined cork with 16 holes, 
floating in a 600 cc beaker. The 400 cc solution was changed daily. 
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Table 6 . Shovnng ihe eomposition of 3 toeehs old barley planU groton 
in 300 g. IcaoUn and in 11 g. bentonite (+ quartz »and) saturated 
wifh 10 m. e. of KOE and Oa(OH)t in varying propvrtUma, and in 
nutrieni »olvlion cotUaining KCl and CaClt in the eorreeponding 

proportiono. 



Per liter solution: 

Per pot: 

Per 100 g air-dry planta (tops): 

No 

Ka 

Caa, 

KOH 

Ca(OH), 

K 

Ca 


P,0, 


m. e. 

m. e. 

m. e. 

m. e. 

m. e. 

m. e. 

/ v^a 

mg. 

Nutrient solution: 






S 1 

1.0 

9.0 

— 

— 

201.9 

48.7 

4.15 

2 211 

S 2 

2.5 

7.5 

— 

— 

210.8 

42.4 

4.97 

2 089 

S 3 

5.0 

5.0 

— 

— 

222.9 

28.3 

7.88 

2 213 

S 4 

7.5 

2.5 

— 

— 

231.2 

22.2 

10.41 

2 302 

S 5 

0.0 

1.0 

— 

— 

234.4 

12.8 

18.31 

2 051 

Kaolin: 








K 1 

_ 

_ 

1.0 


141.0 

46.5 

3.03 


K2 

— 

— 

2.5 

7.6 

195.5 

32.4 

6.03 


K 3 

— 

— 

5.0 

6.0 

190.2 

20.8 

9.14 


K 4 

— 

— 

7.5 

2.5 

200.0 

16.3 

12.27 


K 5 

—■ 

— 

9.0 

1.0 

208.1 

10.6 

19.82 


Bentonite: 







B 1 

— 

— 

1.0 

9.0 

139.3 

28.2 

4.94 

941 

B 2 

— 

— 

2.5 

7.6 

189.0 

17.1 

11.05 

924 

B 3 

— 

— 

5.0 

6.0 

206.8 

9.7 

21.32 

957 

B 4 

— 

— 

7.5 

2.6 

204.7 

5.4 

37.91 

1027 

B ö 

— 

— 

9.0 

1.0 

210.4 

3.8 

56.37 

1000 


AU planta were harvested after 3 weeks. 

A comparison with the solution planta makea it probable that there 
haa been no aerioua comx>etition for the K by kaolin and bentonite 
except in Kl and Bl, and even here the kaolin yielda ita K aa readily 
aa the bentonite. The relatively large amounta of KH 4 and Mg iona 
in the nutrient aolution have apparently diaplaced aufficient K to 
aatiafy the requirementa of the planta for thia element in the kaolin 
aa readily aa in the bentonite. The K preaent in the aeeda wonld alao 
tend to reduce any difference due to a Donnan diatribntion. 

What the reanlta wonld have been if there had been leaa interferenee 
by diaplaicing iona, and if the demanda of the planta had been in- 
creaaed by aUowing them to grow longer ia imx>oaaible to aay. It 
ia conoeivable that the ion activitiea are of the aame order in the kao* 
lin and in the roota. If thia were the caae the kaolin ahonld yield ita 
iona in the aame proportion aa a aolution of the aame oompoaition, 
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Fig. 7. The K/Ca ratios in barley plants grown in nutrient Solutions (S), in 
kaolin (K) and in bentonite (B). Seo table 6. 


as is in fact the case (fig. 7). Be this as it may, it must be admitted 
that the experiment with kaolin has yielded nothing to pro ve a valence 
distribution according to the theory of Donnan. Yet the results 
might be just what they are because of a Donnan distribution (cf. 
2 a table 5). 

The composition of the bentonite plants, on the other hand, shows 
definitely that the bentonite, which has an exchange capacity over 
25 times that of kaolin and which must possess a micellar solution of 
very high activity, holds on to the divalent Ca ions much more firmly 
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than the kaolin. This is in agreement with the law of mass aotion 
as it applies to Donnau systems. 

Having found that the uptake of cations by the same plant species 
but from soils of different ionic activities is qualitatirely according 
to the Donnan theory of membrane equilibria, we might inquire 
into the converse relationship and ask whether the uptake of cations 
by different plant species from one and the same soil also is regulated 
by the ionic activities of the plant colloids in the sense of a Donnan 
valence distribution? 

We can only say that there is a theoretical basis for such an as- 
sumption, and although we have i>erformed no experiments aiming 
to establish this relationship some evidence might be found in sup¬ 
port of the theory. 

It is well known that the uptake of Ca is greater in the legumes 
than in the cereal grasses. The fact that the acidoid content in clo- 
ver and pea plants is three to four times greater than in wheat, rye, 
Oats and barley plants (Mattson and Andersson 1943, and unpub- 
lished Work) offers a physico-chemical basis for this “calcifilous’^ 
nature of the legumes. The acidoid content of young, red clover and 
pea plants is as high or higher than that of bentonite. 

In the 12 cylinder experiments described by Mattson and An¬ 
dersson (1945) the average Ca content was 40.1 m. e./lOO g. in the 
oat hay and 114 m. e. in the pea straw while the K content was 
180.8 m. e. in the oat hay and 60.6 m. e. in the pea straw. This 
yields a K/Ca ratio of 4.6 in the oat hay and 0.63 in the pea straw. 

Potato tops and nettles which were relatively very high in Ca were 
also found to possess a high acidoid content. The same relationship 
was found when the composition of ash and beech leaves were com- 
pared. The ash leaves were about twice as high in both acidoids 
and Ca as the beech leaves while the K content was about the same. 

If the ionic content of the soil phase can affect the distribution of 
mono- and divalent cations there is good reason to assume that the 
ionic content of the roots must have the same effect. The uptake of 
ions by the plant is however complicated by many factors: 

1 . There can be no equilibrium estabUshed between the soil and 
growing plant. 

2 . The rate of diffusion and permeability is different for different 
ions. 

3. Nothing is known concerning the activity coefficient of the ions 
inside the cells. Bnmeshed in the highly polarized protoplasmic net- 
work the ions may possess a very low individual activity, akin to a 
complex ion formation. Some ions may fit into the network better 
than others and be selectively adsorbed (like sand grains of a certain 
size will be caught in the meshes of a Steel sponge while the coarser 
grains can never enter, and the smaller ones can easely be washed 
out). 
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4. The highly hydrophilic coUoids of the cell must favör the up* 
take of the least hydrated ions. Strongly hydrated lons must be 
attracted to the phase possessing the largest amount of free water 
(blood cells are rich in K and poor in Na whereas the plasma is rich 
in Na and poor in K). 

5. Complex formation may desactivate an ion. 

6. Precipitation may remove an ion* 

Yet, if the concentration of free electrolytes is not too high, the 
valence effect on the Donnan distribution might overshadow all 
of these disturbing factors enough to reflect itself qualitatively in 
the composition of the plants. 


Summary. 

Barley plants were grown in kaolin and in bentonite-quartz sand 
mixture, saturated with varying proportions of K and Ca ions (from 
10 to 90 and 90 to 10 per cent of the exchange capacity respectively). 
The K/Ca ratios in the three weeks old plants varied from 3.0 
to 19.8 in the kaolin plants and from 4.9 to 66.4 in the bentonite 
plants. 

The difference is explained as a valence effect on the Donnan distri¬ 
bution of ions in a system of two colloidal phases of different ionic 
activities. 

It is suggested that different activities of the plant colloids may 
account for differences in the uptake of mono- and divalent ions. 
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The Excretion of some Glucuronic Acid Derivatives 
and Phenol Sulphuric Esters in the Chicken.* 

By IVAR SPERBER 
From the InatitiUe of Animal Phyaiology, 

Introduction. 

In the theory of urine formation proposed by Bowmah (1842) 
and more particularly by Heidenhain (1874) tnbnlar excretion 
(= secretion) was assumed to play an important röle. Latw the 
existence of tubular excretion was denied by most anthors. Mar¬ 
shall & VicKERS (1923), however, presented evidence to show that 
phenol red is excreted by the tubnles.^ Later a nnmber of substahces 
have been shown to be excreted by the tubnles. Most of them are 
substances which never occur in normal nrine. With the possible 
exception of the much debated creatinine (cf. Shanhon 1938 a, 
8HANNON & Banoes 1941 and Eeehorn 1944) uric acid (in the birds, 
Ma YRS 1924, Gibbs 1929, Shannon 1938 b) was until quite recently 
the only normal nrine constituent known to be excreted by the tu- 
bnles. As uric acid is reabsorbed by the human nephrons, it seems 
unlikely that this substance is dealt with by the mechanism or me- 
chanisms handling phenol red, diodrast and other foreign compoimds 
in the mammalian (and avian) kidney. Smith, Fineelstein, ålimi- 
NOSA, Grawford & Graber (1945) have studied the excretion of a 
number of compounds related to hippuric acid, and from this in- 
vestigation made the inference that in the mammal hippuric acid is 
excreted by the tubules. The actual demonstration of tubular ex- 
eretion of this substance in the mammal has been made by Fbieh- 
MAN (1946), and the author (Spebber 1946) has stated that hippu¬ 
ric acid is excreted by the tubules in the chicken (where it is, how¬ 
ever, not a normal urine constituent). Nextberoer, Rimington & 
WiLSON (1947) have recently given evidence which suggests the se- 
cretion of homogentisic acid. 

* Aglomerolar kidneys are not taken into acoount.:' 

* Part of the ezpensea have been defrayed by a grant from the Swedieh Research 
CouncU for Hatoral Science. 
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Finkelstein, Aliminosa & Smith (1941) and (apparently in- 
dependently) Lundquist (1945) have put forward the hypothesis 
that all aromatic acids are excreted by the tubules, the more effect- 
ively the stronger the acids. Later Smith, Pinkelstein, ålimi- 
NOSA, Crawfoed & Gbaber (1945), after more extended investiga- 
tions, have given up the hypothesis; moreover the reasons given by 
Lundquist hardly warrant such a generalisation. 

The main physiological advantage of tubuJar excretion compared 
with glomerular filtration is the possibility of maintaining a lower 
concentration level in the blood. It would then seem reasonable to 
suppose that the substances normally excreted by the tubules should 
be actually or potentially harmful to the body. Most toxic substances 
are, however, not excreted directly by the kidneys, but are first al- 
tered in some way by the body. The ‘detoxication products’ thus 
formed may to some extent undergo cleavage or conversion into 
other compounds in the body (cf. e. g. Quick 1932 and Borsook & 
Dubnoff 1940). 

It would thus seem that the mechanism of excretion of ^detoxica- 
tion Products’ is of considerable interest. The reason why very little 
is known about it is certainly the difficulty of determining the ma- 
jority of the substances concerned with sufficient accuracy in the 
blood, 

Results gained by the use of the clearance method undoubtedly 
form the most important part of our knowledge of the excretory 
mechanism, at least in the Amniota. The possibility of applying 
this method is, however, rather restricted owing to the necessity of 
determining fairly exactly and specifically the compound to be in- 
vestigated both in blood and urine. The range of the methods must 
extend to low plasma concentrations, as at high concentrations the 
effects of reabsorption and secretion are masked by the enormous 
excretion by way of filtration. 

Due to this circumstance it only became possible to demonstrate 
the tubular excretion of hippuric acid (Friedman 1946) in mammais 
after the development of a satisfactory method for its determination 
in plasma. Similarly the only other ‘detoxication products’ studied 
by the use of the clearance method are acetyl derivatives of sulphon- 
amides.i (Earle 1944, Keinhold et al. 1945, Beyer et al. 1946.) 
The lack of suitable methods for their determination is certainly 
the reason why glucuronic acid derivatives and sulphuric acid esters 
of phenols have not been investigated. 

The difficulties mentioned may be circumvented by taking ad¬ 
vantage of the renal portal circulation of the bird (Sperber 1946, 
1948 b). By the use of this method the excretion of some glucuronic 
acid derivat ives, glucuronic acid, and the sulphuric esters of some 

1 The statement in a preliminary oommunication (Spbrbbb 1947 a) tKat p- 
aoetyl-amino-benzoio acid is excreted by the tubules is probably erroneous. 
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phenolB have been investigated. Preliminary accounts have been 
published (Speeber 1946, 1947 a), and the main resulta of this in- 
vestigation were presented in a communication at the XVII Inter¬ 
national Physiological Oongress, July 1947. A fuller discussion of 
the method will be published later. 

Material and methods. 

Menthylglucuronide (as its ammonium salt) has been prepared 
according to the directions given by Williams (1939). Eabbits 
were given each about 1.0 gm. menthol. The urine was coUected, 
made ammoniacal, boiled and filtered hot. 60 gm. of ammonium sul- 
phate per 100 ml. urine was then dissolved, and the solution filtered 
hot. The ammonium salt of the glucuronide crystallised after cooling, 
was filtered off and recrystallised. 

Phen/ylglucuronide has also been prepared essentially according to 
the directions given by Williams (1943), Babbits were given each 
about 0.8 gm. phenol in 60 ml. of water. The urine, after acidification 
with acetic acid was treated with concentrated lead acetate solution. 
To the neutralised filtrate was added an excess of basic lead acetate. 
The resulting precipitate was thoroughly washed and then decom- 
posed with hydrogen sulphide. The lead-free filtrate was concentrated 
to small volume by evaporation under reduced pressure. The solu¬ 
tion crystallised in the ice box. As phenylglucuronide is easily so- 
luble both in water and alcohol it cannot be washed on the filter 
with these liquids as recommended for the aminophenylglucuronides 
prepared by Williams. 

Pregnaneäiolglucuronide (sodium salt) has been prepared according 
to the directions given by Venning (1938). Human pregnancy urine 
was extracted with butanol, the butanol distilled off under reduced 
pressure, the residue dissolved in dilute NaOH, and extracted with 
butanol, which was evaporated as before. The residue was dissolved 
in aqueous acetone with warming. The sodium pregnanediol glucuro- 
nidate crystallised in the ice-box. 

Olucuronic acid was prepared from the menthylglucuronide by 
hydrolysis with dilute hydrochloric acid. The menthol was filtered 
off and the solution was boiled and neutralised with XaOH. 

Phenol sulphuric ester (potassium and sodium salts) have been 
prepared according to the method of Czapbk (1914). To 0.2 mole 
pyridine in chloroform solution is added 0.1 mole chlorosulphonic 
acid with cooling. 0.1 mole phenol dissolved in chloroform is added, 
After 16 minutes the chloroform is distilled off under reduced pres¬ 
sure. 0.2 mole KOH or NaOH in water is added and the pyridine 
is distiUed off. The residue is washed with petroleum ether and then 
extracted with boiling 90 % (vjv) alcohol. The salt crystallises on 
cooling, and is recrystallised from 96 % alcohol. 
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Besordnol and hydroquinone aulphurio eatera (potassium saltg) 
have been prepared in the same way. 

Besordnol and hydroquinone di-aulphurio eatera (sodium salts) 
have been prepared by the same method, using half the amount of 
the phenol and extracting with 80 % (v/v) alcohol. 

The determination of glucuronic acid and glucuronides has been 
made according to the method of Maughan, Evelyn & Beowne 
(1938). The properly diluted sample (2 ml.) is mixed with 2 ml. 
0.2 % {wjv) naphthoresorcinol and 2 ml. concentrated hydrochloric 
acid. After heating in a boiling water bath for 30 minutes the colonr 
is extracted into lö ml. ether-alcohol (200 ml. peroxide-free ether 
mixed with 15 ml. 96 % alcohol). The light absorption of the ether 
layer is measnred in a colorimeter of the Evelyn t3rpe, nsing the fil¬ 
ters Schott & Gen. bg 7 and og 2. The calibration curves have in 
each instance been constructed from the values given by known 
amounts of the particular glucuronide investigated, as the different 
glucuronides give colour at different rates (cf. Hanson, Mills & 
Williams 1944). 

‘Ethereal sulphate’ has been determined according to the method 
described by the author (Sperber 1948 a). The free sulphate in the 
sample (5 ml.) is precipitated by 1 ml. 1 % (wjv) barium chloride 
solution in about 0.2 N hydrochloric acid. The barium ions are re- 
moved after centrifugation by the addition of 1 ml. 5 % wjv sodium 
carbonate. After centrifugation 3 ml. are hydrolysed in about 0.25 N 
hydrochloric acid and the resulting sulphate determined turbidi- 
metrically after the addition of 0.1 gm. solid barium chloride. 
A photo-electric colorimeter according to Havemann has been 
used. 

Inulin has been determined according to the method described by 
Hubbaed & Loomis (1942). The sample (2 ml.) is heated on a water 
bath at 80° for 8 minutes with 2 ml. 0.1 % {wlv) resorcinol in 96 % 
(vjv) alcohol and 6 ml. concentrated hydrochloric acid. The light 
absorption has been measured in the Evelyn colorimeter with the 
filters Schott & Gen. bg 12 and gg 5. 

Phenol red has been determined after suitable dilution and tlui 
addition of 0.5 ml. 5 % sodium carbonate (wjv anhydrous substance) 
to 10 ml. sample. The extinction has been measured in the Eve¬ 
lyn colorimeter with filters bg 7 and og 1. 

Eesorcinol has been determined by the following method. The 
sample (1 ml.) is mixed with 1 ml. 0.1 per cent inulin or fructose 
{wlv aqueous solution) and 6 ml. of a mixture of three parts concen¬ 
trated hydrochloric acid and one part 96 % (vjv) alcohol. The mixture 
is heated for five minutes in a water bath at 85°. The light absorp¬ 
tion is measured in the Evelyn colorimeter using filters Schott & 
Gen. bg 12 and gg 5. As in the method for inulin it is necessary to 
run known samples with each lot of unknowns to obtain accurate 
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results. The relatively strong coloration of the blank is the main 
drawback of the method. 

Besorcinol sulphuric esters have been determined by this method, 
using calibration curves made np from estimations on known 
amounts of the compound to be studied. However, these esters give 
almost as much colour as free resorcinol. Conjugated resorcinol has 
been determined after hydrolysis for 30 minutes in 0.5 N HCl at 100®. 

Inulin, when present in large quantities, interferes with the glu- 
curonide determination. When inulin has been used in the experi¬ 
ments with glucuronides care has been taken not to give too much 
inulin. When the amounts of inulin and glucuronic acid are of about 
the same magnitude it is possible to determine both satisfactorily at 
proper dilution. 

The amount of resorcinol excreted in the experiments with re¬ 
sorcinol sulphuric ester is too small to interfere appreciably with 
the inulin determination. This is also the case with the inulin ex¬ 
creted in the samples for resorcinol determination. 

Phenol red of course interferes with the determination of sulphate 
and inulin, but in these cases the light absorption due to phenol red 
can be measured before the development of the colour due to inulin 
or before the development of the cloud, and the appropriate correc- 
tion made. 

For each of the methods used, the recovery of the compounds to 
be determined after adding them to chicken urine in concentrations 
corresponding to those obtaining in the actual experiment, has been 
tested, and found to be theoretical, or nearly so. 

White Leghoni hens weighing about 1.5 kg. have been used. They 
are fed once a day and the experiments have been performed before 
feeding. 

After anaesthesia of the cloacal mucosa with a drop of decicain 
(0.5 per cent solution of 4-butylaminobenzoyl dimethylaminoethanol) 
a fuiinel with an annular thickening at its base is attachod at each 
iireteral opening (cf. Öpeebeb 1948 b). The attachment is mediated 
by an outer funnel with a free edge. Each stitch in a continuous su- 
ture goes through the free edge and the cloacal mucosa, drawing the 
latter up round the annulus of the inner funnel, thus providing a 
tight fit. When the suture is finished the inner funnel is closed with 
the fingers and a slight pressure is applied to the funnel. Any leakage 
is now easily detected and may be corrected. The urine runs from 
the funneis through pieces of glass tubing to two test tubes. During 
the operation the hen wears a hamess, by means of which she is af ter- 
wards secured in a special case provided with holders for the test 
tubes. 

To ensure a sufficient urine flow 50—^100 ml. of water are given at 
the beginning of each experiment by crop tube. 

The compound to be investigated is dissolved in a small volume 

21—47490 Lanthrukakögekolant Annaler. Vol. 16 
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of water (usually 1 ml.). When acids are used a slight excess of so- 
dium bicarbonate is added. The solution is then injected intramuscu- 
larly into one leg. The iirine is coUected for periods up to a total of 
2 hours. In each period the urine from each kidney is collected, 
measured and suitably diluted; aliquots are then used for the deter- 
minations. 

When inulin has been used 0.2—0.6 ml. of a 10 per cent solution 
has been injected into the pectoral muscle 30—70 minutes beforc* 
the beginning of the experiment. This procedure usually ensures a 
sufficient and uniform excretion of inulin. 

When the rates of urine flow are very low, the collection is not 
sufficiently uniform to allow of a quantitative evaluation of the re- 
sults. Accordingly periods with urine volumes below 0.6 ml. (usually 
the periods are 16 minutes) are discarded and experiments which do 
not include periods with a flow of more than 1.0 ml./16 minutes, or 
which do not contain a sufficient number of satisfactory periods are 
also discarded. As the urine flow most often diminishes towards the 
end of the experiment, this means that the discarded periods are 
usually the end periods. Thus the experiments are of varying length, 
Similarly when the inulin excretion is strikingly dissimilar as betweeii 
the two kidneys, the experiment is discarded. This, however, is 
seldom the case when the urine flow is sufficient. On the other hand 
some of the hens used consistently excrete slightly more inulin on 
one side. In such a case care has been taken to inject the same com- 
pound alternately into the right and the left leg in successive experi¬ 
ments, 

After the determinations have been made, the excretion of the 
compound injected is calculated for each kidney, and the difference 
between the excretion of the two kidneys is found. This quantity 
is the main result of the experiment. Accordingly this type of ex¬ 
periment is referred to as a ‘‘difference experiment’’. 

To test the influence of hippuric acid on the excretion of the coni- 
pounds investigated another type of experiment has been used. Iii 
this case the urine from both ureters has usually been collected to- 
gether through one funnel, attached in the same way as described 
above. The compound to be studied (or a suitable phenol) dissolved 
in water is injected into the pectoral muscle. The urine is collected 
for some short periods and hippuric acid (100—200 mg., dissolved 
in water and neutralised with sodium bicarbonate) is injected into 
the V. ulnaria. The solution, usually 6 ml., is injected during about - 
minutes. Afterwards the urine is collected again for a number of 
short periods. 



Excretion of some Glucuronic Acid Derivatives 


32ä 


Results. 

Menthylglueuronide. The excretion of menthylglucuronide after 
injection into one leg has been studied in 16 experiments (using eight 
hens). The main data are given in table 1. A typical experiment is 
given rti table 2. In this case innlin has been used to assess the 
equality of filtration in the two kidneys. The rise in gluouronide 
excretion on the injected side is prompt and striking, bnt inconsider- 


Table 1. The excretion of menthylglucuronide in difference experi 

ments. 


Time 

minutes 

Amount 

injected 

mg 

Excess on 
injected side 
mg 

Excess 
per cent of 
doae 

Keoovery 
per cent 

60 

8 

4.9 

60 

81 

76 

8 

6.0 

62 

84 

90 

8 

2.7 

34 

73 

90 

9 

4.1 

45 

69 

90 

10 

4.1 

41 

85 

76 

10 

3.6 

36 

73 

76 

10 

36 

35 

68 

80 

10 

4.1 

41 

70 

90 

10 

2.3 

23 

62 

75 

11 

4.6 

42 

75 

76 

12 

6.4 

46 1 

68 

90 

12 

4.1 

34 

1 61 

90 

12 

4.8 

40 

i 69 

90 

12 

3.0 

26 

47 

120 

16 

6.0 

33 

1 74 


Table 2. Excretion of menthylglucuronide after injection into the leg. 


Time 

Urine volume 

ml 

Gluouronide 

exereted 

mg/min. 

Inulin exereted 

mg/min. 

Gluouronide 
excess on the 
right side 
mg/period 

left 

right 

left 

right 

left 

right 

9.60 

10.80 

10.46— 11.00 
10.69 

11.00—11.16 

11.16—11.30 

11.30—11.46 

11.46— 12.00 

60 mj 
80 m] 
6.9 

8 mg 

9.1 

7.1 

4.2 
2.8 

l inulin 
water i 
6.6 

menthy 

8.5 
7.0 
4.1 

2.6 1 

into the 
nto the 
0.087 
gluourox] 
0.106 
0.099 
0.106 
0.094 

pectora 
crop 
0.087 
ide into 
0.280 
0.199 
0.133 
0.121 

muscle 

0.0270 
the righ1 
0.0326 
0.0296 
0.0306 
0.0270 

0.0296 

leg 

0.0345 

0.0300 

0.0306 

0.02^ 

T 

2.61 

1.60 

0.41 

0.41 

otal 4.98 
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able on the other side. This is the normal picture. Even if the first 
period is only of five minutes duration the glucnronide excretion is 
markedly increased. In all cases hut one the maximum glucuronide 
excretion lies in the first fifteen minute period. The excretion of 
inulin is slightly higher on the right side in the control period, and 
this circumstance is not changed in the period following injection. 
To obtain a measure of the influence of the injection on the inulin 
excretion the ratio of the inulin excreted on the injected side and the 
other side is calculated for the period following injection and the con¬ 
trol period. The ratio of the values thus obtained is then calculated. 
Values above unity denote a relative increase of inulin excretion on 
the injected side, lower values a decrease, af ter the injection. In 
five experiments the following figures have been obtained: 1.03, 
0.97, 0.96,1.01,1.00. Obviously the injection of menthylglucuronide 
does not influence the distribution of inulin excretion between the 
kidneys. As the inulin excretion before injection is of course on an 
average equally distributed between the kidneys, this means that 
this is also the case after injection. Similarly the volumes of the 
urine formed by the kidneys do not seem to be affected by the in¬ 
jection of menthylglucuronide. The mean of the values similarly 
calculated is 1.02. 

The excretion of glucuronidcs, which in the first period is usually 
about 2—4 times higher on the injected side than on the other re- 
turns rapidly towards the original level. However the recovery of 
injected glucuronide is far from complete in the usual span of an 
experiment. On the assumption that the excretion of glucuronide 
(including the excretion of other substances giving colour with the 
reagent) should have equalled the excretion in the control period 
throughout the experiment, had no injection been made, the reco¬ 
very values given in table 1 are obtained. This assumption is not 
quite correct. Experiments x)erformed in the same manner, but 
without any injections show that usually the excretion of glucuronide 
decreases slightly during the experiment. This is probably connected 
with the decrease in urine volume, which is probably due to a decrease 
in filtration rate and possibly in blood flow after the influence of the 
water given has subsided (cf. Korr 1939). This deficit in glucuronide 
excretion amounts to about 0.4 mg. (calculated as menthylglucuro¬ 
nide) in an hour (mean of 6 experiments). Taking this amount into 
account the recovery in 90 minutes is usually 65 to 75 %. The mean 
without correction is 72 + 2.6 %. The rest of the injected quantity 
is either excreted slowly or else destroyed. There is no reason to be- 
lieve that menthylglucuronide is converted into sulphuric ester. In 
three experiments the simultaneous excretion of ‘ethereal sulphato’ 
has been determined. No increase has been noticed, but it should be 
mentioned that a conversion of less than 1 mg. menthylglucuronide 
into sulphuric ester during an hour could not be detected with cer- 
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Fig. 1. The influence of hippurio acid on the excretion of menthylglucuronide. 


tainty, since there is some spontaneous variation in the excretion of 
ethereal sulphate. 

The excess glucuronide excreted on the injected side is in most 
cases 30—45 % of the injected quantity. The mean is 41 ± 2.6 %. 
In three cases the simultaneous excretion of phenol red has been ex- 
amined. Phenol red (about 1 mg.) is dissolved in the menthylglucur¬ 
onide solution, The excess phenol red excreted on the injected side 
is slightly higher than the corresponding value for menthylglucuro¬ 
nide. The ratio of the values is 0.95, 0.89 and 0.82. 

Three experiments have been performed on the influence of hip- 
puric acid on the excretion of menthylglucuronide. Qualitatively, 
these experiments yielded similar results. One of them is illustrated 
by fig. 1. The injection of hippurie acid intravenously is foUowed by 
a striking deeline in glucuronide excretion. The difference between 
the two kidneys also decreases, both absolutely and relatively. The 
excretion soon rises again, only to decrease after a short period. One 
experiment with diodrast gave similar results. Hippurie acid in 
some cases influences the excretion of inulin (a slight lowering of the 
output immediately after the injection) but this influence is incon- 
siderable and inconstant. The urine volume is usually inereased in 
the periods foUowing the injection. 

Phenylglucuronide, A series of experiments has been i)erformed 
similar to those made with menthylglucuronide. The results are gi¬ 
ven in table 3, and a typical experiment is summarised in table 4. 

It is clear that the excess glucuronide excreted on the injected 
side is on the whole a smaller fraetion of the injected quantity than 
is the case with menthylglucuronide. The mean is 23 ± 2.6 per cent. 
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Table 3. The exoretion of phenylglueuronide in difference experiments. 


Time 

minutes 

Amount 

injeeted 

mg 

Excesa on 
injeeted side 
mg 

Excess 
per cent of 
dose 

Recovery 
per cent 

90 

5 

1.1 

22 

82 

90 

6 

1.2 

24 

68 

90 

6 

1.6 

27 

80 

76 

7 

2.1 

30 

62 

80 

7 

2.1 

30 

49 

75 

9 

1.9 

21 

58 

90 

10 

2.3 

23 

62 

90 

10 

3.3 

33 

59 

80 

10 

1.6 

16 

61 

90 

10.6 

2.3 

22 

52 

76 

12 

2.9 

23 

50 

85 

12 

1.8 

15 

62 

90 

13 

3.6 

28 i 

46 

90 

13 

2.4 

19 1 

32 

76 

14 

2.4 

17 I 

48 


Table 4. Excretion of phenylglueuronide after injection into the leg. 


Time 

Urine voluine 
ml 

Glucuronide exereted 
mg/min. 

Glucuronide 
excess on the 
left side 
mg/period 


loft 

right 

left 

right 

10.36 

80 ml water into the orop 



10.69—11.06 

3.3 

3.0 

0.040 

0.041 

1 

11.06 

10 mg 

phenylglueuronide into the left leg 


11.06—11.15 

3.9 

4.0 

0.074 

0.051 

0.21 

11.16—11.30 

3.9 

4.4 

0.093 

0.053 

0.60 

11.30—11.46 

3.3 

2.8 

0.072 

0.060 

0.33 

11.46—12.16 

4,4 

3.4 

0.067 

0.042 _ 

r 

0.45 

rotal 1.69 1 


Correspondingly the excess is also considerably lower than the simul- 
taneous excess for phenol red. The foUowing values have been ob- 
tained: 0.46, 0.51, 0.37, 0.43. 

The glucuronide excretion on the injeeted side is seldom so mucli 
higher than on the other side as with menthylglucuronide, only in 
a few cases is it twice as great. The peak of glucuronide exoretion in 
6 experiments lies in the second fifteen minute period, and further- 
more the distribution between the other periods indicates a displace- 
ment (in comparison with menthylglucuronide) of the excretion away 
from the beginning of the experiment. 

The recovery (not correeted for the normal deeline in glucuronide 
excretion during the experiment) is 57 ± 3.6 per cent. In three 
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oases the simultaneous excretion of ethereal Bulphate lias been 
deteimined. In each case a slight increase has been found: The 
mean increase, which cannot, however, be assigned great significance, 
corresponds to about 12 per cent of the injected glucuronide. 

The ratio showing the influence of the injection of phenylglucuro- 
riide on the inulin excretion (cf. above) has been found to 0.99,1.05, 
0.87, 0.90, 0.89. Though these figures are not unequivocal they 
suggest that if there is an influence on the inulin excretion it is a 
decrease. The similar figure for urine volume is on an average 0.97, 
which does not indicate any influence. 

The influence of hippuric acid on the excretion of phenylglucuro- 
nide has been investigated by two slightly different methods. The 
one is identical with that used with menthylglucuronide and has 
given similar results (3 experiments, and one experiment using 
diodrast). 

The other method is founded on the fact that injected phenol is 
rapidly and to a considerable degree conjugated with glucuronic 
acid by the chicken, as previously shown by the author (Sperbeb 
1947 b). The injection of phenylglucuronide is omitted, and, instead, 
a comparable amount of phenol is injected into the i>ectoral muscle. 
The excretion of glucuronide increases rapidly. After about 15 
mtnutes, hippuric acid is injected as usual. The results are quite 
similar to those obtained with the injection of phenylglucuronide. 
Three experiments with hippuric acid and one with diodrast have 
been made. 

Resoreinylgluenronide, The investigation of this compound, which 
has not been isolated, has been performed according to the last- 
inentioned method for studying the influence of hippuric acid on 
the excretion of glucuronide. Five experiments have been made 
with qualitatively similar results. One of them is illustrated by fig. 
2 A. In this case the second rise is more pronounced than is usu- 
ally the case, as it is not always possible to obtain a satisfactory 
series of periods before the injection of hippuric acid without the 
main part of the glucuronide being exereted. The second peak is, 
however, evident in each case. Fig. 2 B shows another experiment 
with an exceptionally low second peak. For comparison the excretion 
of glucuronide after the injection of resorcinol alone is given in fig. 
2 G, The glucuronide excretion imder the influence of liippuric acid 
is shown in fig. 2 D. 

Pregnanediolglucuronide. Five experiments have been made with 
this substance. The amount injected into the leg has been relatively 
small, as the compound is sparingly soluble. From 2 to 5 mg. has 
been used. A slight increase in the glucuronide excretion occurs on 
both sides. The excess glucuronide excretion figures on the injected 
side are (in per cent of the injected quantity): 5, 2, —7, 6, —4. 
These values (corresponding at most to 0.3 mg. glucuronide) are of 
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Fig. 3. The excretion o£ glucuronic acid after injection into the leg. 


course wholly within the limits of normal variation in these experi¬ 
ments. It might be assumed that this is due to bad reabsorption 
at the site of injection. That this is not so is shown by the faet that 
similar amounts of pregnanediolglucuronide injeeted intravenonsly 
give only slight inereases in glucuronide excretion. 

Olucuronic acid. The experiments with this substance are similar 
to the preceding. When injeeted into the one leg there is little or 
no inerease in the excretion of glucuronide. Five experiments with 
amounts from 10 to 50 mg. have been performed. As with preg¬ 
nanediolglucuronide the excess on the injeeted side Ues wholly within 
the limits of the experimental error, but as the amounts injeeted are 
far larger the excess is a correspondingly smaller percentage of the 
injeeted amount. One of the experiments is illustrated in fig. 3. 

Phenol sulphuric ester. The excretion of phenol sulphuric ester 
(potassium or sodium salts have been used) has been investigated in 
14 experiments. The main data are given in table 5. A typical ex¬ 
periment is given in table 6. The rise in ethereal sulphate excretion 
(caleulated as phenol sulphuric ester) is considerable on the side of 
injection, but the rise on the other side is also considerable. Due to 
this circumstance and the faet that the excretion of ethereal sulphate 
is relatively considerable before the injection, the excretion on the 
injeeted side is only seldom as much as twice the amount exereted 
on the other side. The maximal excess usually falls within the first 
fifteen minute period, but in five cases it was foimd to oceur in the 
second period. The excretion returns only relatively slowly to the 
pre-injection level. Despite this circumstance the average recovery 
during the first 80 minutes (the average length of the experiments) 
is 74 ± 4.5 per cent. To this figure a correction ought to be made 
for the decrease in ethereal sulphate excretion that usually oceurs 


Fig. 2 . A and B. The influence of hippuric acid on the excretion of resorcinylglu- 
curonide. In A the excretion of phenol red has also been foUowed. C. The excretion 
of glucuronide after the injection of resorcinol. D. The influence of hippuric acid 
on the normal excretion of glucuronides. 
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Table 5. The excretion of phenol sulphuric ester in differenee 

experiments. 


Time 

minutes 

Amount 

injected 

mg 

Excess on 
injected side 
mg 

Excess 
per cent of 
dose 

Recovery 
per cent 

60 

6 

1.9 

32 

80 

75 

8 

0.95 

12 

73 

90 

8 

1.1 

14 

88 

90 

9 

0.61 

7 

82 

115 

10 

2.4 

24 

75 

70 

10 

2.6 

26 

53 

105 

10 

2.0 

! 20 

98 

90 

10 

0.6 

i ^ 

88 

75 

10 

1.7 

! 17 

94 

75 

10 

2.6 

26 

90 

75 

10 

0.7 

1 7 

63 

70 

13 

1.8 

14 

63 

70 

16 

0.64 

4 

60 

75 

18 

1 1.4 I 

8 

52 


Table 6 . Excretion of phenol sulphuric ester after injeetion into 

the leg. 


Time 

Urine volume 

ml 

Ethereal 

sulphate excreted 
mg/min. 

Inulm excreted 

mg/min. 

Ethereal sul* 
phate excess 
on the right 
side, 

mg/period 

left 

right 

left 

right 

left 

right 

10.47 

25 mg inulin into the pectoral muscle 



10.51 

70 ml water into the 

crop 




11.02—11.12 

4.0 

3.4 

0.054 

0.046 

0.016 

0.016 


11.12 

10 m( 

l phenol 

sulphuric ester into the right le 

g 

11.12—11.27 

7.1 

6.9 

0.116 

0.180 

0.022 

0.023 

0.96 

11.27—11.42 

6.7 

5.6 

0.166 

0.176 

0.030 

0.029 

0.45 

11.42—11.57 

4.2 

2.8 

0.092 

0.102 

0.027 

0.026 

0.16 

11.57—12,27 

2.2 

1.9 

0.084 

0.094 

0.020 

0.024 

0.30 







Total 1.76 


during experiments in whicb no sulphuric ester is injected. This 
corresponds to about one mg. phenol sulphuric ester (mean of five 
experiments). This seems to indicate that the recovery of injected 
phenol sulphuric ester would be nearly complete if the experiments 
had been prolonged to the end of the period showing ethereal sul- 
phate excretion above the normal level. No increased glucuronide 
excretion has been observed. 

The mean excess excreted on the side of injeetion is 16 + 2.4 
per cent. The ratio of the excess and the simultaneous phenol red 
excess has been found to 0,24 and 0,29. 
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Table 7. The excretion of resoreinol sulphurio ester in difference 

experiments. 


Time 

minutes 

Amount 

injected 

mg 

Exoeae on 
injected aide 
mg 

Excess 
per cent of 
dose 

Recovery 
per cent 

70 

6 

0.65 

11 

65 

90 

8 

1.1 

14 

80 

90 

8 

1.2 

15 

70 

00 

10 

1.2 

12 

65 

80 

10 

1.8 

18 

60 

90 

10 

0.9 

9 

80 

90 

10 

0.9 

9 

60 

60 

10 

1.2 

12 

65 

90 

10 

2.2 

22 

86 

120 

10 

1.4 

14 

70 

90 

10 

2.2 

22 

76 

90 

10 

1.2 

12 

1 76 

; 85 

14 

2.6 

18 

1 100 

! 80 

14 

1.4 

10 

! 60 


The influence of the injection of phenol Bulphuric ester on the dis¬ 
tribution of inulin excretion between the kidneys is shown by the 
following figures (calculated as previously): 0.98, 0.84, 0.96, 0.94, 
0.80. This indicates an effect on the inulin excretion, though this 
(^ffect can hardly be said to be statistically significant in view of the 
limited number of experiments. Similarly the excretion of inulin 
is lower on the injected side, after the injection. In any case an in- 
crease in the inulin excretion of the injected side is excluded. The 
niean of similar values calculated for the urine volume is 1.05 ± 3.5. 

The influence of hippuric acid on the excretion of phenol sulphuric 
ester has been investigated both after the injection of phenol sul¬ 
phuric ester and after injection of phenol. The results are qualita- 
tively similar whichever method is used. The intravenous injection 
of from 80 to 200 mg. hippuric acid is followed by a striking decrease 
in the excretion of ethereal sulphate, which is, however, not decreased 
to the basal level. After a short time the excretion of ethereal sul¬ 
phate rises again, and of ten reaches the same height as before the in¬ 
jection of hippuric acid. Usually the excretion curve is similar to 
t hat shown in fig. 5. Seven experiments have been performed. 

Resoreinol sulphuric ester (potassium salt). A similar series of ex¬ 
periments has been performed with this ester as with the phenol 
derivative. The excretion shows the same characteristics. The main 
data are given in table 7. The average recovery (71 ± 3.3 per cent) 
and the mean excess exereted on the side of the injection (14 i 1.2 
per cent) are nearly identical with the corresponding values for phe¬ 
nol sulphuric ester. Similarly in six cases out of fourteen the maximal 
excess was found in the second fifteen minute period, and the maxi- 
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mal excretion on the injected side was never more than twice the 
excretion on the other side. 

In two cases the simultaneous excess of phenol red was determined. 
In these cases the resorcinol sulphuric ester excess as a function of 
the phenol red excess was found to be 0.25 and 0.29. 

In six cases the resorcinol excretion has been determined in ad¬ 
dition to the excretion of ethereal sulphate. The excess resorcinol 
has been found to correspond satisfactorily to the excess ethereal 
sulphate. If the resorcinol: sulphate ratio in the sulphuric ester in¬ 
jected is taken as the unity, the proportion between the excesses 
found is 0.92, 1.06, 1.02, 1.11, 0.89, 1.09. The mean is 1.015. 

The influence of hippuric acid has been investigated in four cases, 
with results similar to those with phenol sulphuric ester. Four 
more experiments have been made after the injection of resorcinol, 
with similar results. Whether these last experiments should be re- 
ferred to the mono or di-ester is not possible to decide on the evidence 
available. 

Resorcinol di-sulphuric ester (sodium salt). Sixteen experiments, 
tabulated in table 8, have been made. A typical experiment is shown 
in table 9, another in table 10. As is seen from these examples, the 
rise in excretion of ethereal sulphate on the injected side is far more 
considerable with this compound than with the other sulphuric esters 

Table 8. The excretion of resorcinol di-sulphuric ester in difference 

experiments. 


Time 

minutes 

Amount 

injected 

mg 

Excess on 
injected side 
mg 

Excess 
per cent of 
dose 

Recovery 
per cent 

90 

7 

1.7 

25 

65 

90 

8 

3.5 

44 

76 

76 

8 

2.0 

26 

60 

80 

8 

2.0 

26 

30 

80 

8 

2.1 

28 

60 

76 

8 

1.2 

16 

30 

70 

9 

2.4 

27 

30 

76 

9 

2.1 

23 

60 

90 

9 

2.6 

24 

65 

90 

9 

2.4 

27 

65 

90 

9 

3.5 

39 

70 

90 

10 

3.0 

30 

66 

90 

10 

2.4 

24 

70 

86 

10 

2.6 

26 

66 

80 

12 

2.2 

18 

46 

90 

12 

3.6 

30 

36 

80 

12 

4.8 

40 

66 

90 

12 

3.1 

1 26 

50 

90 

13 

4.3 

33 

60 

90 

14 

3.6 

25 

70 
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Table 9. Excretion of resordnol di-sulphuric ester aper injection 

inio the leg. 


Time 

Urine volume 

ml 

Ethereal 

sulphate excreted 
mg/min. 

Inulin excreted 

mg/ min. 

Ethereal sul¬ 
phate excess 
on the right 


left 1 right 

left right 

left right 

side, 

mg/period 


10.20 40 mg inulin into the pectoral muscle 

10.40 80 ml water into the crop 


11.00—11.10 

4.5 

4.6 

0.020 

0.024 

0.018 

0.019 


11.09 

13 mg 

resorcinol di-sulphuric ester into 

the right leg 

11.10—11.20 

6.9 

6.0 

0.074 

0.182 

0.026 

0.024 

1.08 

11.20- 

-11.35 

11.7 

10.7 

0.072 

0.184 

0.030 

0.029 

1.68 

11.35- 

-11.56 

12.3 

13.6 

0.074 

0.136 

0.032 

0.034 

0.95 

11.56- 

-12.16 

5.3 

6.5 

0.036 

0.058 

0.028 

0.030 

0.44 

12.16- 

-12.41 

3.4 

5.1 

0.032 

0.047 

0.029 

0.032 

0.38 


Total 4.53 


tried. In some cases the excretion on this side may be three times as 
great as on the other side. In two cases only does the maximal ex¬ 
cretion lie in the second fifteen minnte period, and the excretion of 
ethereal sulphate returns rapidly towards the normal level. Despite 
this the recovery of ethereal sulphate is lower than for the other com- 
pounds investigated, average 53 ± 3 per cent. The reason for this 
is obscure. It might be assumed that one of the sulphuric acid re- 
sidues is split off before excretion. However, in experiments which 
included determination of resorcinol as well as of ethereal sulphate 
th(‘r(^ is little support for this view. The excess resorcinol excreted 
on the injected side is about as large on an average as the excess 
ethereal sulphate. The latter is 27 ± 1.5 per cent, the former is 26 
per cent. The variability in the urine blank in the resorcinol deter¬ 
mination is great enough to make the slightly higher recovery values 
for resorcinol relatively unreliable, and as only six experiments have 
been made little weight can be attached to them, though they may 
give some support to the above mentioned view. No indication of a 
conversion into glucuronide has been found in five investigated cases. 

The ratio of the excess and the simultaneous phenol red excess in 
two experiments is 0.64, 0.55. 

The inuhn excretion may be slightly diminished on the injected 
side. The values obtained are: 0.82, 0.95, 0.85, 0.99,1.03, 0.99, 0.96, 
0.88, 0.97. 

Finally it may be mentioned that the ratio of the ethereal sulphate 
excess and the simultaneous phenol red excess has been estimated at 
0.66, 0.57, 0.61 and 0.63. 

Hippuric acid influences the excretion of this compound in a si¬ 
milar way to the last-mentioned. Four experiments have been made. 
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mg /min 


ai50 


0.100 


0.050 


Oooo' 


4.2 

43 


-4- - 


61 

56 


RiQht Kidney 
Lefl 


ETHEREAL SULPHATE 




54 

541 


0 t 30 

lOmg hydroquinone 
sulphuric ester, righl leg 


INUtIN 


36 

39 


34 rightlurinc volume 
31 teft f mt/period 


60 


90 Time.minules 


Fig. 4. Tho exoretion of hydroquinone sulphuric ester after injection into the leg. 


Besorcinoh Differenee experiments with this compound have 
been made in ten cases. In four of these abont 8 mg. resorcinol dis- 
solved in water has been injected into the leg. The results are vari- 
able. Often periods showing higher exoretion on the injected side 
alternate irregularly with periods with higher exoretion on the other 
side. The inulin exoretion is similarly variable and erratic. The net 
differenee is small between the kidneys, being 5, —10, 7, 2 per cent. 

In the reraaining experiments about 3 mg. resorcinol has been in¬ 
jected. To obtain reliable results with this small quantity only hens 
which were known to have kidneys with equal capacity have been 
used. In each case the kidney on the side of injection exereted more 
resorcinol than the other. The excess obtained was 8, 11, 10, 12, 9 
and 7 per cent of the injected quantity. The glucuronide exeretion 
was al 80 determined, and glucuronide excesses corresponding to 10, 
11, 10, 10.8 and 9 per cent of the resorcinol injected were obtained. 
(The caleulation was made on the assumption that only monoglu- 
(3uronides were formed, and that resorcinylglucuronide gives as much 
colour with naphthoresorcinol as an equivalent amount of phenyl- 
glucuronide.) The exeretion of ethereal sulphate was also measured. 
A slight, but regular excess on the injected side was observed, cor¬ 
responding to 1—4 per cent of the resorcinol. The inulin exeretion 
was in each case very equally distributed between the two kidneys, 
both before and after the injection. 

Hydroquinone sulphurie ester (potassium salt). The exeretion of 
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Table 11. The excretion of hydroquinone sulphurie ester in dif- 

ference experiments. 


Time 

minutes 

Amount 

injeeted 

rag 

Excess on 
injeeted side 
mg 

Excess 
per cent of 
dose 

Recovery 
per cent 

90 

6 

0.96 

16 

74 

90 

6 

0.94 

16 

76 

90 

6 

1.1 

18 

82 

60 

8 

0.65 

18 

72 

76 

8 

1.3 

16 

78 

80 

8 

1.1 1 

14 

63 

80 

9 

1.2 

13 

60 

105 

10 

1.9 

19 

81 

90 

10 

2.5 

26 

87 

75 

10 

2.0 

20 

76 

90 

11 

1.1 

10 

82 

96 

12 

4.8 

40 

96 

90 

12 

1.1 

9 

88 

76 

12 

0.72 

6 

66 


tbis compound is so similar to tliat of phenol sulphurie ester and 
resorcinol sulphurie ester that little needs to be said. The eourse of a 
typical experiment is illustrated by fig. 4. The main data are as- 
sembled in table 11. The mean recovery is 75 ± 3.3 per cent and 
the mean excess on the injeeted side 16 ± 2.3 per cent. The ratio 
of the excess and the simultaneous phenol red excess has been de- 
termined to 0.30, 0.33, 0.26. The coefficient showing the influence 
of injection on the inulin excretion has been found to 0.85, 1.02, 
1.05, and 1.01, which can hardly be interpreted as showing an in¬ 
fluence on the inulin excretion. 

The influence of hippuric acid has been investigated in 5 experi¬ 
ments (ineluding two after the injection of hydroquinone instead of 
the ester). The results are similar to those obtained with the other 
phenol sulphurie esters. An example is given in fig. 5. In this case 
the piperidine excretion has also been followed (piperidine is also 
exereted by the tubules in the chicken). The only striking influence 
of hippuric acid is on the excretion of ethereal sulphate. 

Hydroquinone di-sulphuric ester (sodium salt). The excretion of 
this compound is fairly similar to that of the last mentioned com¬ 
pound. A typical experiment is given in table 12 and the main data 
in table 13. The excretion is, if anything, slower than the excretion 
of the other compounds examined. In 8 experiments out of 14 the 
maximal excretion lies in the second fifteen minute period or in later 
periods. The recovery is variable and on the whole relatively low 
(mean 55 ± 4 per cent), probably mainly due to the slow excretion. 
Similarly the excess on the injeeted side is relatively low (11 ± 
per cent). 
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mq/min. 



50 mq Bmq 
inulin hydroquinon» 


ISOmq 

hippunc acid 
»nlrovenou«iv 


Vip. T). 


Tho uifluoiice of hippurir acid on the excrefcion of liydroquinone sulphuric 
ester and piperidine. 


The ratio of the excess and the simultaneous phenol red excess 
)ias been found to be 0.28, 0.21, 0.26. 

The influen(?e of hippuric acid (examined in three experiments) 
18 similar to its influence on the other sulphuric esters investigated. 

Catechol sulphurie eater. This eompound has not been synthesised, 
but the influence of hippuric acid on the excretion of ethereal sul- 
phate after irijection of catechol has been investigated. The results 
are similar to those obtained with the other sulphuric esters ex» 
amined. 


Table 12. Excretion of hydroquinone di-sulphuric ester after injec- 

tion into the leg. 


Time 

Urino volume 

ml 

Kthereal 

sulphata oxcreted 
mg/min. 

Inulin exoreted 

mg/min. 

1 

Ethereal aul- | 
phate exceas | 
on the left j 
aide, < 

mg/period 1 
■ ! 

loft 

nght 

left 

right 

left 

right 

10.36 

35 mg inulin into the pectoral muscle 


1 

! 10.65 

75 ml water into the 

crop 




11.10—11.20 

3.8 

3.6 

0.023 1 0.020 

0.036 

0.036 

1 1 

11.19 

10 mg hydroquinone di>sulphuric ester into the left leg 

; 11.20-11.36 

7.9 

7.6 

0.072 

0.048 

0.038 

0.040 

0.36 

11.36—11.50 

9.6 

10.4 

0.078 

0.060 

0.043 

0.046 

0.27 i 

11.30-12.06 

7.3 

7.0 

0.064 

0.032 

0.042 

0.036 

0.33 1 

12.06—12.20 

2.8 

2.1 

0.044 

0.032 

0.039 

0.037 

0.18 i 

i 12.20—12.60 

3.6 

2.6 

0.060 

0.040 

0*038 

0.036 

0.30 1 


22 47490 Lanibrukshögskolana Annaler, Vol. 16 


Total 1.44 


1 
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Table 13. The excretion of hydroquinone di-sulphuric ester in dif- 
ference experiments. 


Time 

minutes 

Amount 

injected 

mg 

Excess on 
injected side 
mg 

Excess 
per cent of 
dose 

Recovery 
per cent 

90 

6 

0.8 

14 

60 

90 

8 

0.9 

11 

40 

90 

8 

1.0 

13 

65 

7Ö 

8.5 

0.9 

11 

70 

90 

9 

0.8 

9 

45 

90 

9 

0.6 

7 

45 

95 

10 

2.8 

28 

75 

90 

10 

1.4 

14 

65 

75 

10 

0.9 

9 

35 

90 

10 

1.6 

16 

60 

75 

10 

0.7 

7 

40 

90 

11 

0.6 

6 

90 

90 

12 

1.0 

8 

65 

80 

14 

1.0 

7 

40 


The influence on phenol red excretion of menthylglucuronide and 
resorcinöl di-sulphuric ester, These experiments are in principle si¬ 
milar to the experiments used to show the influence of hippuric acid. 
The substance to be tried is injected intravenously in relatively large 



ISO mg. 

menthylglucuronide 


Fig. 6. The influence of menthylglucuronide on the excretion of phenol red. 30 
minutes before the beginning of the experiment 2 mg. phenol red hae been injected 

subcutaneously. 
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quantities (100—200 mg.). To obtain a relatively uniform es:cretion 
of phenol red about 3 mg. phenol red in 1 ml. water, dissolved with a 
slight excess of bicarbonate is injected subcutaneously at the base of 
the neck. No untoward effects ha ve been observed, and the animal 
is as quiet as normally. After urine has been collected, during a suf- 
ficient number of short (usually 3 minutes) periods, the intravenouB 
injection is made during about 2 minutes and the coUection is re- 
sumed. 

Menthylglucuronide gives a rapid and marked depression of the 
phenol red excretion, fairly rapidly followed by a gradual increase to 
or above the original level. Fig. 6. 

This result has been obtained in four cases. 

The resorcinol compound apparently does not give as marked a 
depression as the menthylglucuronide, but the effect is at least as 
prolonged. Four experiments with qualitatively uniform results 
have been made. 


Discussion. 

By the arrangement used, the amount of the substance under in- 
vestigation that is excreted by each kidney is determined, after in¬ 
jection into the leg. 

Assume that a quantity a mg. of a compound, which is excreted 
by the tubules, is added to the blood flowing to one kidney through 
the renal portal vein. When the blood flows through the peritubular 
capillaries a part b mg. of the injected amount is excreted by the tu¬ 
bules. The rest passes to the heart through the efferent renal vein. 
Provided it is not destroyed, changed or stored in the body this part 
eventually returns to the kidney and is excreted. Normally this 
fraction will be equally divided between the.two kidneys, each ex- 
creting c mg. The kidney on the side of injection will have excreted 
fe -f c mg., the other c mg. If the substance injected occurs normally 
in the urine, each kidney will have excreted an additional amount d 
rag.i The difference between the amounts excreted will then, on an 
average be fe mg. This is the amount excreted by the tubules at a 
single passage through the kidney of the amount a mg. Now only a 
fraction p of the blood flowing from the leg passes the peritubular 
capillaries (cf. Spebbeb 1948 b). The ratio fe : pa which may be called 
the true tubular excretion fraction is then the fraction of a compound 
passing through the peritubular capillaries which is removed by the 
tubules and transferred to the urine at a single passage. The ratio 
fe: a, the apparent tubular excretion fraction, may be taken as a 


' This may be taken to include any other substanoe excreted, which is deter- 
tnined together with the compound investigated, due to unspecificity of the deter- 
niination method. 
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measure of the efficiency of the tubular excretion. This is possible 
only when oertain conditions are fulfilled. 

The fraction p should not be influenced by the compound used. 

The amount injected must be smaU and its rate of diffusion into 
the blood stream not too rapid. Otherwise the amount offered to 
the tubules in a short time is so great that the capacity of the tubules 
is exceeded and the phenomenon called self-depression occurs. The 
tubular excretion fraction is then found too low. 

Of course any factor changing the equal distribution of 2 o and 2 d 
between the kidneys will also influence the value of the apparent tu¬ 
bular excretion. Thus an unequal distribution of the blood flow or 
glomerular filtration will be of significance in this respect. 

Further it should be observed that the length of the time of col- 
lection of urine will influence the apparent tubular excretion frac¬ 
tion, when the substance is not directly infused into the renal portal 
vein. Theoretically the coUection ought to be prolonged until all tlie 
substance has been reabsorbed from the site of injection. As the 
reabsorption is rapid after intramuscular injection (as is obvious from 
the rapid decline of the excess excreted on the injected side) this 
source of error is not serious. 

In the light of these theoretical considerations it is necessary to 
consider the results obtained, and their significance (exeept the 
results with pregnanediolglucuronide and glucuronic a(*id, which do 
not show an excess on the injected side). 

Any excess found on the injected side may be caused by different 
mechanisms. A substance which is solely excreted by filtration can 
of course show an excess on the injected side, only if the filtration is 
increased on this side. To control this factor the excretion of inulin 
has been determined in some experiments with each of the substances 
used. As a measure of glomerular filtration inulin is almost univer- 
sally accepted. The method used in this investigation is different 
from the clearance method usually used. It seems, however, quitc 
clear that if inulin is completely filtered in the glomeruli, and no 
reabsorption (or at least no appreciable reabsorption) occurs, and 
if no tubular excretion of this compound exists, the distribution of 
inulin between the two kidneys must be an efficient measure of the 
distribution of glomerular filtration between them. Certainly no 
significant change in the distribution of glomerular filtration could 
oceur without being reflected in the distribution of inulin. 

As the inulin excretion fails to reveal a systematic inerease on the 
side of injection, compared to the other side, it seems clear that the 
differences observed cannot be explicable by influence on the filtra¬ 
tion. In several cases the inulin excretion seems to be slightly di- 
minished on the injected side, which must be taken into account, 
when assessing the magnitude of tubular excretion. 

Exeept in a few experiments no attempt has been made to assess 
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the distribution of blood-flow between the kidneys in a similar way. 
Phenol red, which is filtered only sligbtly when present in small quan- 
tities in the blood, and which is efficiently excreted by the tubules in 
the bird (Pitts 1938) and other vertebrates, is well suited to this 
purpose. An increase in blood-flow on the injected side (without a 
simultaneous increase in glomerular filtration) can influence the ex- 
(*retion of a substance only if the substance is excreted by the tubules. 
Thus the finding of changed blood-flow distribution could not in- 
fliience the validity of the demonstration of tubular excretion, though 
it may be of importance in calculating the tubular excretion fraction.^ 

The possible influence of diffusion is more difficult to control. It 
seems, however, safe to assume that this factor cannot account for 
iiny but low tubular excretion fractions. 

Diffusion (apart from the influence of acidity on the ionisation, 
and the influence of binding to nondiffusing substances) cannot ef- 
fect a higher conoentration in the fluid into which a substance dif- 
fuses than in the fluid from which it diffuses. The largest volume into 
which diffusion may occur in this case is given by the volume of the 
glomerular filtrate, the volume from which diffusion may occur is 
th(' renal plasma flow. The elosest approximation to the ratio of 
1 hese volumes which is at present available is the ratio of inulin and 
phenol red clearance at low phenol red eoncentrations given by Pitts 
(1938). This ratio averages 1:13. Though caution is necessary when 
applying his figures to other material it seems safe to assume that 
tnbular excretion fractions higher than 0.1 are unlikely to occur as 
Ihe result of diffusion only. 

All excess on the injected side might also occur as the result of an 
inhibition of tubular reabsorption caused by the higher blood con- 
centration in the peritubular capillarics on the injected side. What 
is known about tubular reabsorption certainly does not favour sueh 
a conception. In several cases investigated (insofar as definite re- 
sults were gained) the tubular reabsorption seems to be fairly iu- 
dependent of the blood eoncentrations. This granted, it seems that 
a compound which is reabsorbed by the tubules cannot well show a 
higher tubular excretion fraction than may possibly occur as a re¬ 
sult of diffusion alone. 

Among the substances shown to have a tubular excretion fraction 
higher than zero, raenthylglucuronide, resorcinol disulphuric ester 
and, though less certainly, phenylglucuronide show suchlargeexcesses 
o n the inject ed side that this fact alone is sufficient to show that they 

^ When the normal excretion of componnds determined by the method nsed is 
considerable, a change in renal blood-flow distribution may give great differences 
between the kidneys. However, in most oases given here the flow to the one kid- 
ney would have to be about twice as great as the flow to the other (with unin- 
fluenced filtration rate), which seems very improbable. Further, this requires 
<'fficient tubular excretion of the normally excreted substances (glucuronides and 
«ulphuric esters). 
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are excreted by the tubules. The other compounds show an apparent 
tubular excretion fraction, which is barely significantly higher than 
the arbitrarily chosen limit 0.1 (or, in the case of hydroquinone di- 
sulphuric ester, possibly lower). Though this limit is probably higher 
than the correct value, the nncertainty involved makes it necessary 
to show discretion in interpreting the facts found. 

Hippuric acid has been found to depress the excretion of menthyl- 
glucuronide, phenylglucuronide and the sulphuric esters used. This 
depression may possibly be interpreted in different ways. The most 
probable is that hippuric acid depresses the tubular excretion of 
these compounds. It would, however, seem possible to explain it 
as due to a drastic reduction of glomerular filtration or renal blood 
flow. Though the inulin excretion has not been foUowed in åll these 
experiments, it has been done in a sufficient number of cases to allow 
the conclusion that inulin excretion is only slightly or not at all in- 
fluenced by the injection of hippuric acid. 

The other possible explanation is of little interest in this eonnec- 
tion. The excretion of a compound can be depressed by a decrease 
in the renal blood-flow (without a simultaneous decrease in the glo¬ 
merular filtration) only if it is excreted by the tubules. If it shows 
an excess on the injected side due to diffusion (in difference experi¬ 
ments), hippuric acid ought to have no influence. If it is reabsorbed 
by the tubules hippuric acid cannot possibly cause anything but an 
increase. 

Thus it seems that the experiments with hippuric acid show that 
even the compounds investigated which show a relatively low tubular 
excretion fraction are in fact excreted by the tubules. 

In this connection it seems necessary to discuss the evidence for 
depression by hippuric acid. As the excretion of the compound to 
be investigated is not uniform (apart from the hippuric acid injection) 
the evidence is qualitative only. A rapid fall aftcr the injection of 
hippuric acid is not in itself sufficient to show a depression by this 
compound, as such a fall occurs also without any injection. Quan- 
titative comparisons would be necessary to show that this fall is 
more rapid after hippuric acid injection than without. The material 
is not sufficient to allow such an examination. The main point which 
shows an influence by hippuric acid is the increase in excretion which 
occurs after the initial rapid depression. Such an increase is most un- 
likely to occur in experiments without hippuric acid injection 
(though, of course, occasionally one period may show higher excre- 
tion than the preceding, a rise maintained for several periods has 
ne ver been observed). The regular occurrence of this secondary peak 
cannot well be explained in any other way. 

In the case of the glucuronides it might possibly be supposed that 
the secondary rise in glucuronide excretion is due to conversion of 
hippuric acid into benzoylglucuronic acid. Such a conversion is 
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known in mammals (Qtjick 1932). The experiments performed 
without previous injection of gluctironide (fig, 2 D) show, however, 
no increase comparable to the one occurring in the other experiments 
(fig. 2-4, B). Further, the injection of benzoic acid into hens does 
not result in an increased glucuronide excretion (Speäbeb 1947 b), 
which fact makes the formation of glucuronic acid derivatives from 
hippuric acid unlikely. In the case of the sulphuric esters no such 
complication seems possible. 

Thus both the differenoe experiments and the experiments on 
the influence of the hippuric acid indicate that aU the compounds 
investigated, which show an excess on the injected side, are to some 
degree excreted by the tubules. The combined evidence seems to 
indicate tubular excretion of these compounds unequivocally. 

In the case of the menthylglucuronide and the resorcinol di-sul- 
phuric ester tho depressing influence on the excretion of phenol red 
is additional evidence. 

In some cases the compound under investigation has not been iso¬ 
lated, but the influence of hippuric acid on the excretion of the com¬ 
pound formed by the hen after injection of the phenol has been ex- 
amined. In these cases (resorcinol glucuronide, catechol sulphuric 
ester) some additional considerations are necessary. Firstly, it may 
well be argued that the compounds formed are not, or at least not 
cxclusively, the compounds mentioned. It is certainly probable that 
the changes which resorcinol, for instance, undergoes in the hen’8 
body are complex. In particular, it is quite possible that part of the 
phenol is converted into di-glucuronides and di-sulphuric ester, though 
there is little evidence on this point. In any case, these experiments 
show something about how the compounds actually formed by the 
chicken are handled in its kidney. 

Further, and more important there is the possibility that the de- 
crease in excretion of the compounds formed may be due to a di- 
minished formation, instead of a diminished excretion of the com¬ 
pound formed. The data available are insufficient to exclude this 
possibility. However, in the case of phenylglucuronide, phenol sul¬ 
phuric ester, resorcinol sulphuric ester and hydroquinone sulphuric 
ester the influence of hippuric acid seems to be quite similar whether 
the detoxication products have been injected or the phenols have 
been the starting material. This suggests that there is little or no 
influence on the formation of the compounds mentioned by hippu¬ 
ric acid. If this is so, it seems improbable that hippuric acid should 
have an influence on the formation of glucuronic acid derivatives 
or sulphuric esters from the other phenols used. When taking into 
account the likelihood that these compounds would be handled by 
the kidneys in a way similar to the other phenol derivatives investi¬ 
gated, it seems fairly certain that these compounds too are excreted 
by the tubules. 
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As mentioned above the problem of how the hippuric acid depresses 
the excretion of the various compounds tried is of little importance 
with regard to the evidence for their tubular excretion. On the other 
hand this problem is in itself of considerable interest. It has been 
shown in several cases that the compounds excreted by the tubules 
mutually depress each other’s excretion, when occurring in sufficient 
amounts. This has usually been taken to indicate excretion by a 
common mechanism. As pointed out above it would be possible to 
explain the decreased excretion under tlfe influence of hippuric acid 
as the result of a decreased renal blood-flow. The decrease in blood- 
flow, would, however, have to be fairly drastic to have such an effect. 
Furthermore, in soine cases the excretion of piperidine, which is also 
excreted by the tubules in the chicken, has been studied simultaneously 
with the behaviour of sulphuric esters (cf. fi^. 5). It does not show 
any decrease, or at least none comparable to that of the sulphuric 
ester. This would be expected, if the rediiction in sulphuric ester 
excretion were due to a decreased renal blood-flow. This evidence is 
difficult to assess with certainty, as too little is known about tlie 
piperidine excretion. When taking into account the influence of 
menthylglucuronide and resorcinol di-sulphuric ester on the excretion 
of phenol red, there is little reason to doubt that hippuric acid in- 
fluences the kidney, and not the blood-flow (at least not predoinin- 
antly). 

It would seem permissible to question whether the substances 
excreted are really the same substances as those injecded. The 
methods of determination are in no c,ase specific for the (^ompound 
injected, but are methods for the determination of classes of com¬ 
pounds containing a certaiu group. Thus it might be argued that 
when menthylglucuronide is injected into the leg the conipound 
excreted is not menthylglucuronide, but, perhaps glucuronic acid, 
or, though less likely, another glucuronide. That it is not glucuronic 
acid seems to be evident from the fact that glucuronic acid itself is 
not excreted by the tubules. As menthylglucuronide is copiously 
excreted in mammais after the ‘detoxication^ of menthol it would 
seem extremely unlikely that it is changed to another conipound 
in the chicken. The same argument applies to phenylglucuronide. 
With respect to the sulphuric esters the situation is somewhat clearer 
as the method used is specific for sulphuric esters, and free sulphate 
is not determined by it. It is clear that sulphuric esters are respons- 
ible for the excess found in the difference experiments. With regard 
to the diphenols the compounds with one esterified group might con- 
ceivably have the other esterified before excretion, and inversely the 
doubly esterified esters might be converted into the mono-ester. That 
this is not so at least with the resorcinol compounds is shown by the 
satisfactory agreement between the excess calculated from the resor- 
ctnol excretion with the excess calculated from the ethereal sulphate. 
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The evidence for the excretion of the disulphuric resorcinol com- 
pound is of some special interest as, at least in the Amniota, almost 
all stthstanoes known to be excreted by the tubules are mono- 
acids. A probable exception is indigo carmine, though modern 
investigations are lacking. 

As pointed out above (p. 339) the apparent tubular excretion frac- 
tion may be used as a measure of the efficiency of the tubular ex¬ 
cretion. The values obtained are slightly low, as longer experiments 
would, on an average, have given some additional excess on the in- 
jected side. Further, it seems possible that during the initial stages 
after the injeetion the amount of the substance presented to the tu¬ 
bules may have been great enough to cause some self-depression. 
If this factor were important lower tubular excretion fractions would 
be found when the amount injected is higher. An inspection of the 
Tables in regard to this does not show any certain decreases in tu¬ 
bular excretion fraction with increasing amounts. It may be con- 
(iluded that this source of error is not very important (though of 
course the experiments could not demonstrate a small influence). 

Both these sources of error are to a large extent eliminated in the 
experiments with phenol red given together with the compound 
in question. As the phenol red excretion is to some degree depressed 
when large amounts of other compounds are excreted by the tubules, 
it 8 tubular excretion fraction will be influenced in the same direction 
as the substance tested, and it will of course be similarly influenced 
by shortening the period of urine colleetion. Moreover any change in 
the renal blood-flow wiU affect phenol red and other compounds 
excreted by the tubules in a similar way, as also changes in glomeru- 
lar filtratiou, though phenol red is fairly insensitive to the last 
inentioned factor, due to its extensive binding to the plasma proteins. 

The most important advantage of the simultaneous determination 
of the phenol red tubular excretion fraction is that it automatically 
( orrects for differences in p (the part of the blood-flow from the leg, 
flowing through the peritubular capillaries). 

In the present investigation the main effort has been directed to- 
wards investigating qualitatively, whether there is a tubular ex¬ 
cretion or not. Therefore relatively little weight has been attached to 
the estimation of the tubular excretion fraction. Anyhow the few 
experiments made with phenol red (table 14) indicate that the appar¬ 
ent tubular excretion fractions obtained for the different compounds 
are directly comparable and are not mainly influenced by differences 
in p. Thus they may be used to assess the efficiency of the tubular 
excretion of the compounds investigated. 

In the above discussion of the substances showing an excess on the 
injected side in difference experiments, resorcinol has not been in- 
cluded, though it shows a not inconsiderable and apparently constant 
c^xcess. The reason for this is the equally constant excess of glucu- 
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Table 14. 



Menthyl- 

glucuronide 

Phenyl- 

glucuronide 

Phenol. 

sulphuric 

ester 

Resorcinol 

sulphuric 

ester 

! 

1 

Resorcinol 

di.sulphuric 

ester 

Hydroquinone ^ 
sulphuric i 
ester 

Hydroquinone 

di-sulphuric 

ester 

Excess of compound 

0.89 

0.44 

0.26 

0.27 

0.60 

0.30 

0.25 

phenol red excess 








(r) 








Mean excess of 
compound (e) 

0.41 

0.23 

0.15 

0.14 

0.27 

0.16 

0.11 

e 

r 

0.46 

0.52 

0.58 

1 

0.52 

0.45 

1 

0.53 

0.44 


ronide and snlphuric ester excretion on the same side in these ex¬ 
periments. The satisfactory agreement between the excess found 
for resorcinol and for the lastmentioned types of compound can 
hardly be interpreted otherwise than by assuming that the resorci¬ 
nol excess is excreted in conjugated form. Whether this excess should 
be attributed to the formation of glucuronide (and possibly sulphuric 
ester) in the kidney, or to a difference in the renal blood-flow 
between the kidneys, is not possible to decide from the evidence 
available. The stability of the glomerular filtration may indicate 
that the latter possibility is less probable. Anyhow, there does not 
seem to be any reason for supposing that resorcinol itself is excreted 
by the tubules. The irregular results with higher dosage, on the other 
hand, indicate a toxic effect by resorcinol on the kidney. 

With respect to the substances which do not show an excess in 
difference experiments little can be said. There is no reason to be- 
lieve that the tubules participate in their excretion. Buch a possi¬ 
bility cannot on the other hand be excluded on the evidence available. 
A slight tiibular excretion of pregnanediol glucuronide may have 
escaped recognition in the limited material coUected. In any case, 
such an unimportant tubular participation could only with diffi- 
culty be differentiated from the possible influence of diffusion^ and 
consequently little could be gained by more extensive investigation 
with difference experiments. The very low recovery of glucuronic 
acid even after intravenous injection is, together with the evidence 
of the difference experiments, sufficient to show that this compound 
is not excreted by the tubules. 

In view of the similarities existing between the excretory systems 
in birds and mammais it would be tempting to infer that glucuronides 
and sulphuric esters are excreted by the tubules in mammais too. 
As examples of this similarity may be mentioned the excretion of 
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phenol red and hippuric acid in both groups, and the depression of 
phenol red excretion by diodrast. As pointed out by the author 
(Sperbee 1948 c) the excretion of uric acid is also depressed by 
hippuric acid in the chicken, whereas its excretion is increased by 
diodrast in man (Bonskes, Dill & Dana 1944). This indicates that 
inferences regarding the excretion in one group cannot be drawn 
from studies on another group. Anyhow the findings in the chicken 
are additional reasons for trying to investigate the behaviour of 
these compounds in mammais. 

Summary. 

By the use of a method based on the existence of a renal portal 
system in the birds, the excretion of some glucuronic acid derivatives 
and sulphuric esters has been investigated in the chicken. 

Menthylglucuronide is excreted by the tubules almost as efficiently 
as is phenol red. The apparent tubular excretion fraction is on an 
average 0.41. 

Phenylglucuronide is also excreted by the tubules, though less 
efficiently, the apparent tubular excretion fraction being 0.23. 

Eesorcinylglucuronide is probably also excreted by the tubules. 

No indication of tubular excretion of pregnanediolglucuronide has 
been found. 

Glucuronic acid is cortainly not excreted by the tubules. 

The following sulphuric esters of phenols have been studied, and 
found to be excreted by the tubules (the apparent tubular excretion 
fraction given with each compound). 

Phenol sulphuric ester, 0.15. 

Resorcinol sulphuric ester 0.14. 

Hydroquinone sulphuric ester, 0.16. 

Resorcinol di-sulphuric ester, 0.30. 

Hydroquinone di-sulphuric ester, 0.12. 

Oatechol sulphuric ester is probably also excreted by the tubules. 

Resorcinol is not excreted by the tubules, but it is possiblyto 
some extent coupled with glucuronic acid in the kidney, the resulting 
(jompound being excreted. 

Hippuric acid (and diodrast), when given in large quantities, 
decrease the excretion of all the compounds investigated, which show 
tubular excretion. 

Menthylglucuronide and resorcinol di-sulphuric ester in large quan¬ 
tities depress the excretion of phenol red. 
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